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the AKT-MDM2-P53 signaling pathway in Philadelphia
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Abstract. Philadelphia chromosome-positive acute
lymphoblastic leukemia (Ph+ ALL) is triggered by breakpoint
cluster region-abelson leukemia virus (BCR/ABL) kinase.
Targeting BCR/ABL kinase with tyrosine kinase inhibitors
combined with chemotherapy is the standard first-line
therapy for Ph+ ALL. Imatinib and dasatinib are the
preferred agents for the treatment of Ph+ ALL. Dasatinib
treatment can induce a faster and deeper remission than
imatinib treatment; however, the side effects of dasatinib,
especially the cardiovascular side effects, are markedly
greater than those of imatinib. Patients will benefit from
treatments that improve the efficacy of imatinib without
increasing its side effects. The present study revealed that
tanshinone ITA markedly potentiated the cytotoxic and
apoptotic induction effects of imatinib by regulating the
AKT-MDM2-P53 signaling pathway and inhibiting the
anti-apoptotic proteins BCL2 and MCL1 apoptosis regulator,
BCL2 family member in Ph+ ALL cell lines. In vitro studies,
MTT assay, flow cytometry, western blotting and reverse
transcription-quantitative PCR were performed in the
present study to detect cell viability, cell apoptosis, protein
expression and gene expression, respectively. In a Ph+ ALL
mouse model, imatinib combined with tanshinone IIA also
exhibited a synergistic effect on the reduction in leukemia
burden without increasing the toxic side effects of imatinib.
These results demonstrated that imatinib combined with
tanshinone ITA might be a promising treatment strategy for
patients with Ph+ ALL.
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Introduction

Philadelphia chromosome-positive acute lymphoblastic
leukemia (Ph+ ALL) is an aggressive leukemia accounting for
20-30% of ALL in adults and up to 50% of ALL in patients
>50 years of age (1,2). Before 2001, the advent of tyrosine
kinase inhibitors (TKIs), the prognosis of Ph+ ALL was
poor, with a median disease-free survival and overall survival
time of 6 and 9 months, respectively, and allogeneic hemato-
poietic stem cell transplantation (HSCT) is the only cure for
Ph+ LL (3.4). The treatment and outcome of Ph+ ALL has
markedly improved due to the introduction of TKIs, which
induce higher remission rates, enable increased eligibility
for curative HSCT (5-9) and enable much improved survival
rates in elderly patients (10). At present, TKIs combined with
chemotherapy are the standard first-line induction therapy for
newly diagnosed Ph+ ALL. The TKIs approved for first-line
therapy for Ph+ leukemia include imatinib (6-9) and dasat-
inib (11,12). The induction regimens containing chemotherapy
plus a TKI, such as either imatinib (5-9) or dasatinib (11,12),
lead to a >90% complete response rate in newly diagnosed
patients with Ph+ ALL and improved disease-free survival and
overall survival, including in elderly patients (10). Compared
with imatinib, dasatinib induces a more sustained minimal
residual disease, but it is also aggravated by more toxicity,
such as pleural and cardiac effusion, pulmonary hypertension,
hemorrhage and severe infection (13-16). These toxic effects
and side effects may lead to the interruption of treatment, thus
affecting the disease control effect. It is worth noting that the
T315I mutation in ABL kinase has been detected in >70% of
relapsed patients treated with dasatinib as a first-line treat-
ment, which brings great challenges for later treatment (17,18).
If combining another therapeutic agent with imatinib can
enhance the efficacy of imatinib without increasing its side
effects, such a strategy will benefit more patients.

P53 is involved in the anti-proliferative effect of
imatinib, and the P53 level determines the sensitivity of
BCR-ABL-expressing cells to imatinib (19). In Ph+ ALL cells,
TKI treatment leads to the inactivation of the P53 signaling
pathway via BCL6 upregulation, which enables leukemia
cells to survive TKI treatment (20). The combination of TKIs
with the P53 reactivation agent Nutlin-3a exhibited a marked
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effect in reducing the cell viability of a Ph+ cell line compared
with that of cells treated with the TKI treatment alone (21).
Tanshinone ITA (1,6,6-trimethyl-6,7,8,9-tetrahydrophena
nthro[1,2-b]furan-10,11-dione), one of the phytochemical
compounds isolated from the Chinese medicinal herb Red
Sage (Salvia miltiorrhiza), has a molecular formula of C,,H,;O;
and a molecular mass of 294.344420 g/mol (www.organchem.
csdb.cn). Tanshinone ITA has diverse biological properties,
including antioxidative, antiangiogenic and anti-inflammatory
activities (22,23). Tanshinone ITA has been demonstrated to
have anticancer activities in various types of cancer, including
leukemia (24-29),and can activate P53 (30). Notably, tanshinone
ITA is a cardioprotective agent (30-33). Therefore, it was
hypothesized that tanshinone IIA enhances the anti-leukemia
effect of imatinib in Ph+ ALL by activating P53. In this way,
imatinib can achieve effects similar to those of dasatinib
without increasing the toxic effects and side effects, especially
the cardiovascular side effects. Our previous study revealed
that MDM?2 inhibitor nutlin-3 plus tanshinone ITA combined
with imatinib quickly and effectively inhibits activation of
the ALT-MDM?2 signaling pathway mediated by imatinib and
relieves the inhibition of the p53 signaling pathway, thereby
enhancing the anti-leukemia effect of imatinib in Ph+ ALL
cells (34). Different from nutlin3 inhibitors, which are still in
the preclinical research stage (35), tanshinone IIA has been
widely used in clinical practice and has good pharmacological
safety (36). Therefore, compared with the three-drug
combination of tanshinone IIA, nutlin3 inhibitor and imatinib,
the two-drug combination of tanshinone ITA and imatinib in
the treatment of Ph+ALL may enter the clinic faster.

In view of the p53-activating and cardioprotective effects
of tanshinone ITA, the present study investigated the potential
therapeutic effect of reactivating the p53 signaling pathway
by combined treatment with tanshinone ITA and imatinib in
Ph+ ALL.

Materials and methods

Antibodies and chemicals. Tanshinone ITA was purchased
from Shanghai Shifeng Biological Technology Co.,
Ltd. (www.shifengbiol.com). The 20 mM stock solution
of tanshinone IIA in DMSO was stored at -20°C. The
tanshinone ITA (sulfotanshinone sodium injection; 20 mg/ml)
used in the in vivo experiment was obtained from SPH NO. 1
Biochemical & Pharmaceutical Co., Ltd. (http:/www.sbpc.
com.cn). The antibodies against phosphorylated (p-)ABL
(Tyr245), p-STATS (Tyr694), p-MEK1/2 (ser217/221), p-AKT
(serd73), AKT,GAPDH, cleaved-PARP, ABL,STATS5,MEK1/2
and BCL2 were obtained from Cell Signaling Technology,
Inc. The antibodies against P53, MDM?2 proto-oncogene
(MDM?2) and p-MDM2 (serl166) were purchased from Santa
Cruz Biotechnology, Inc. The antibody against BAX was
purchased from Affymetrix eBioscience. The antibody against
p21 was purchased from Medical & Biological Laboratories
Co., Ltd. The antibody against MCLI1 apoptosis regulator,
BCL2 family member (MCLI1) was purchased from OriGene
Technologies, Inc. The monoclonal antibody against human
CD19 was purchased from Gene Tech Biotechnology Co.,
Ltd. MTT was obtained from Sigma-Aldrich; Merck KGaA.
The Annexin V-FITC apoptosis detection kit was obtained

from Nanjing KeyGen Biotech Co., Ltd. Iscove's Modified
Dulbecco's Medium (IMDM), penicillin/streptomycin and
FBS were obtained from Hyclone; Cytiva.

Cell lines and mice. The SUP-B15 cell line (American Type
Culture Collection) is a human Ph+ ALL cell line expressing
P190-BCR/ABL with wild-type p53. The SUP-BI5/RI
(imatinib-resistant SUP-B15) cell line was generated from
parental SUP-B15 cells by gradually increasing the concen-
tration of imatinib in the culture medium from 0.1 to 10 mM
within half a year. Gene sequence analysis demonstrated that
there was no p53 mutation in the SUP-B15/RI cell line. At
2 weeks after the withdrawal of imatinib, the SUP-B15/RI
cells were used in experiments. The SUP-B15 and SUP-B15/RI
cells were cultured in IMDM supplemented with 10% FBS, 1%
penicillin-streptomycin and 2 mM L-glutamine and incubated
at 37°C with 5% CO,.

All female NOD/SCID mice aged 5-6 weeks used in
the present study were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. The mice were bred
in a pathogen-free environment at the Experimental Animal
Center of West China Hospital, Sichuan University (Chengdu,
China). All animal procedures were approved by the
Institutional Animal Care and Use Committee of the Sichuan
University West China Hospital (Chengdu, China).

Normal human peripheral blood mononuclear cells
(PBMCs) were obtained from the blood of three healthy
donors. The three adult donors were all from Chengdu, China,
including two men and one woman. The blood samples were
collected on June 6, 2018. The inclusion criteria for specimen
collection was a normal complete blood count. The collection
and use of human specimens was approved by the Biomedical
Ethics Committee of West China Hospital (Chengdu, China)
and written informed consent was provided. The mononuclear
cells were isolated by density centrifugation (800 x g for
20 min at room temperature (Ficoll-Hypaque).

Cell viability assay. Cell viability was measured using the
MTT assay. A total of 1x10* cells were incubated for 72 h at
37°C in a 96-well plate with different drugs in a final volume
of 100 ul. The control cells were treated with 0.1% DMSO.
Thereafter, 20 1 MTT at a concentration of 5 mg/ml in PBS
was added to each well, and the cells were incubated for 4 h at
37°C. Subsequently, 100 pl of an SDS-isobutanol-HClI solution
was added, and the cells were incubated overnight at room
temperature. After the incubation, the optical density (OD) was
measured at a wavelength of 570 nm using a Quant MQX200
Microplate Spectrophotometer (BioTek Instruments, Inc.).
A blank control without cells was included to determine the
background absorbance. The cellular viability was calculated
as the percentage of viable cells relative to the control using
the following formula: OD (experimental samples)-OD
(blank)/OD (control)-OD (blank) x100%. All experiments
were performed in triplicate.

Apoptosis analysis by flow cytometry. The cells were treated
with different drugs for 48 h, and 1x10° cells were harvested,
washed with PBS and resuspended in 100 pl binding buffer.
Then, 5 ul of Annexin V-FITC was added, and after 10 min
of incubation, 5 ul PI was added. Subsequently, the cells
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were incubated for 15 min at room temperature in the dark.
Finally, 400 pl binding buffer was added. The stained cells
were analyzed using a Cytomics FC500 flow cytometer
(Beckman Coulter, Inc.) equipped with the CXP software
version 2.1 (Beckman Coulter, Inc.). A total of 10,000 events
were recorded for each analysis.

Western blot analysis. Whole cell extracts were prepared in
RIPA lysis buffer (20 mM Tris, pH 7.4; 250 mM NaCl; 2 mM
EDTA, pH 8.0; 0.1% Triton-X100; 0.01 mg/ml aprotinin;
0.005 mg/ml leupeptin; 0.4 mM PMSF; 4 mM NaVO4), and
extracts containing 40 ug/lane of protein were loaded onto
a 6-15% sodium dodecyl sulfate-polyacrylamide gel. After
electrophoresis, the proteins were electrotransferred to a
nitrocellulose membrane. The membrane was incubated with
primary antibody (1:1,000 vol/vol) overnight at 4°C, washed
and incubated with HRP-conjugated secondary antibody
(1:5,000 vol/vol) for 1 h at room temperature. Finally, the
signals were detected using the ECL detection system and film
(Bio-Rad Laboratories, Inc.) according to the manufacturer's
protocols.

Reverse transcription-quantitative PCR (RT-gPCR) analysis.
gqPCR was performed on a CFX96TM Real-Time PCR
system according to the manufacturer's protocol. The RNA
of 2x10° cells were prepared using RNAzol® RT (Molecular
Research Center, Inc., https://mrcgene.lookchem.com). A total
of 2 ug of RNA was converted into cDNA using the Thermo
Scientific RevertAid First Strand cDNA Synthesis kit (Thermo
Fisher Scientific, Inc.), according to the manufacturer's
instructions. The expression of genes was assessed using the
KAPA SYBR® FAST gPCR kit Master Mix (2x) Universal
(Kapa Biosystems; Roche Diagnostics) with GAPDH as an
internal control. The RT-qPCR reaction mixture contained
10 pl of 2x SYBR-Green qPCR Master Mix, 2 ul of cDNA,
0.5 pl of forward primer, 0.5 ul of reverse primer and 7 ul
double distilled water, at a final volume of 20 yl. The reaction
were performed at 94°C for 2 min, then 40 cycles of 94°C for
30 sec, 60°C for 30 sec and 72°C for 30 sec. The following
primers were used: P53 forward, 5-GTGCGTGTTTGTGCC
TGTCCT-3' and reverse, 5'-CAGTGCTCGCTTAGTGCT
CCCT-3"; MDM2 forward 5'-GGCAGGGGAGAGTGATAC
AGA-3' and reverse, 5'-GAAGCCAATTCTCACGAAGGG
-3'; BAX forward 5'-CCTTTTGCTTCAGGGTTTCA-3' and
reverse, S-"TCCATGTTACTGTCCAGTTCGT-3"; and P21
forward, 5'"TGTCCGTCAGAACCCATGC-3' and reverse,
5'-AAAGTCGAAGTTCCATCGCTC-3"; GAPDH forward,
5-AGGTCGGTGTGAACGGATTTG-3' and reverse, 5-GGG
GTCGTTGATGGCAACA-3'. Relative expression levels were
calculated using the 2-4°4 method (37).

Immunofluorescence localization of the P53 protein.
The localization of the P53 protein was evaluated using
immunofluorescence. A total of 1x10° cells were grown in
6-well plates and treated with the indicated drugs for 48 h at
37°C. After incubation, the cells were collected and washed
twice with PBS, fixed with 4% paraformaldehyde for 15 min at
room temperature, and permeabilized with 0.25% Triton X-100
diluted in PBS for 10 min. The cells were blocked with PBS
with 0.1% Tween-20 (PBST) containing 1% bovine serum

albumin (Abcam) for 30 min at room temperature and then
incubated with mouse monoclonal anti-P53 antibody (Santa
Cruz Biotechnology; cat. no. sc-126) (1:100 vol/vol diluted in
PBST + 1% bovine serum albumin) overnight at 4°C. After
washing, the cells were incubated with donkey anti-Mouse IgG
(H+L) ReadyProbes™ Secondary Antibody, Alexa Fluor 594
(cat. no. R37115; Thermo Fisher Scientific, Inc.) (1:1,000
diluted in PBST + 1% bovine serum albumin; Thermo Fisher
Scientific, Inc.) at room temperature for 1 h. After washing,
the nuclei were counterstained with DAPI in glycerin jelly
at room temperature for 5 min, after which the cells were
dropped onto glass slides and cover slipped. The images were
obtained using a fully automatic fluorescent microscope (Zeiss
Axiolmager Z2; Carl Zeiss AG) with the ZEN lite software
version 2.3 (Carl Zeis AG).

In vivo study. Female NOD/SCID mice aged 5-6 weeks
(20-25 g) were irradiated at a dose of 200 cGY on day 1 and
then intravenously injected with 1x107 SUP-BI5 cells via the tail
vein. After 7 days, the mice were injected intraperitoneally with
10 mg/kg/day imatinib (n=5), 30 mg/kg/day tanshinone ITA
(sulfotanshinone sodium injection) (n=5) or both drugs (n=5)
for a period of 14 days. At 1 week after the drug treatments
were stopped, the mice were sacrificed by cervical dislocation,
and bone marrow samples were obtained, and the RNA of bone
marrow was prepared using RNAzol® RT (MRC). The reverse
transcription was performed using the Thermo Scientific
RevertAid First Strand cDNA Synthesis kit (Thermo Fisher
Scientific, Inc.). The changes in BCR/ABL gene expression was
analyzed using semi-quantitative RT-PCR with GAPDH as an
internal control. The RT-PCR reaction mixture contained 10 ul
Taq mixture, 3 ul of cDNA, 1 ul of sense and anti-sense primer
and 5 ¢l RNA-free water in a final volume of 20 ul. The primer
sequences for BCR/ABL were forward 5-CCGGAGTTTTGA
GGATTGCGGA-3' and reverse 5-TTGGAGTTCCAACGA
GCGGC-3'. For GAPDH forward, 5~ AGGTCGGTGTGA
ACGGATTTG-3" and reverse, 5-GGGGTCGTTGATGGC
AACA-3'. The reaction was performed at 94°C for 2 min, 94°C
for 30 cycles of 30 sec each, 56°C for 30 sec, 72°C for 35 sec
and a final extension at 72°C for 10 min. The PCR products
(10 ul) were analyzed by electrophoresis on 2% agarose gel,
photographed and quantified by densitometric scanning. The
spleens were also collected and fixed in 10% formalin for 24 h
and then buried in paraffin. Paraffin tissue was made into 5 ym
thick slice, after xylene dewaxification, ethanol hydration,
thermal antigen repair, the slice was blocked in PBS with 0.2%
Triton X-100 containing 3% bovine serum albumin (Abcam)
for 1 h at room temperature, then incubated with mouse
monoclonal antibody against human CD19 (1:200 vol/vol)
overnight at 4°C, washed and incubated with HRP-conjugated
secondary antibody (1:500 vol/vol) for 1 h at room temperature.
CD19-positive cells in the spleen were observed under using
a light microscope (Olympus, BX53). During the whole
experiment, the body weight, activity, diet and drinking water
of mice were evaluated every day to roughly assess the adverse
drug reactions.

Statistical analysis. All data are presented as the mean =+ stan-
dard deviation of three independent experiments unless
otherwise indicated. Statistical analysis was performed using
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Figure 1. Tan potentiates the cytotoxic effect of Im in Philadelphia chromosome-positive acute lymphoblastic leukemia cell lines. (A) SUP-B15 and
(B) SUP-BI15/RI cells were incubated with serial concentrations of Im alone (0.0, 0.1,0.5, 1.0, 2.5 and 5 yM for SUP-B15 cells and 0.0, 1, 2,4, 6, 8 and 16 uM
for the SUP-B15/RI cells) or in combination with Tan (0.0, 1,2 and 4 M for SUP-B15 cells and 0.0, 2, 4 and 8 yM for SUP-B15/RI cells) for 72 h with 0.1%
DMSO treatment as the control. At the end of the incubation, the cell viability was determined using the MTT assay. Im, imatinib; Tan, tanshinone ITA.

one-way ANOVA with Bonferroni's corrected paired t-test
for post hoc pairwise comparisons. All of the statistical
analyses were performed using the IBM SPSS 24.0 software
(IBM Corp.). P<0.05 was considered to indicate a statistically
significant difference.

Results

Tanshinone IIA potentiates the cytotoxic and
apoptosis-inducing effects of imatinib in Ph+ ALL cell lines.
In the first step of the experiment, the present study examined
the cytotoxic effects of imatinib alone or in combination with
tanshinone ITA on SUP-B15 and SUP-B15/RI cells. The ICs,
value of imatinib at 72 h in SUP-BI5 cells was 1.34+0.24 M,
and when imatinib was combined with 1, 2 and 4 uM
tanshinone ITA, its ICs, decreased to 0.67+0.14,0.09+0.04 and
0.03+0.10, respectively. The ICs, value of imatinib at 72 h in
the SUP-B15/RI cells was 23.76+5.44 uM, and when imatinib
was combined with 2,4 and 8 yM tanshinone ITA, it decreased
to 18.51+£3.72, 3.12+1.03 and 0.98+0.35 uM, respectively.
As presented Fig. 1, in SUP-B15 and SUP-B15/RI cells,
tanshinone ITA enhanced the imatinib-induced reduction
in cell viability. Imatinib and tanshinone ITA alone or in
combination had minimal cytotoxic effects on normal human
PBMC:s (Fig. S1). 1 uM AKT inhibitor MK-2206 (Beyotime
Institute of Biotechnology) did not significantly weaken the
cytotoxic effects of tanshinone ITA and imatinib (Fig. S2).
Subsequently, the present study examined the effect
of imatinib alone or in combination with tanshinone ITA
on apoptosis in SUP-B15 and SUP-B15/RI cells using
flow cytometry. As shown in Fig. 2, in SUP-BIS5 cells, the
percentage of apoptotic cells was 4.05+3.66% in the control
group and this increased to 16.56+2.45 and 19.96+2.76%
following treatment with 2 M imatinib and 4 yM tanshinone
ITA, respectively, for 48 h. After cotreatment with 2 yM
imatinib and 4 yM tanshinone ITA for 48 h, the percentage

of apoptotic cells increased to 45.04+5.74%, which was
significantly higher than that of the cells receiving the single
drug treatment. In SUP-B15/RI cells, 48 h of treatment with
10 M imatinib had no apoptotic induction effect, with a
percentage of apoptotic cells of 6.36+2.87% (5.37+1.20%
in the control group). Treatment with 8 xM tanshinone ITA
for 48 h still had a certain apoptosis induction effect,
resulting in a percentage of apoptotic cells of 14.26+2.69%.
However, when 10 pM imatinib was combined with 8§ uM
tanshinone IIA, the percentage of apoptotic cells increased
to 35.56+4.01%, which was significantly higher than that of
cells receiving either monotherapy.

The aforementioned results indicated that tanshinone ITA
enhanced the cytotoxic and apoptosis-inducing effects of
imatinib in Ph+ ALL cell lines.

Tanshinone IIA combined with imatinib reactivates the P53
signaling pathway in Ph+ ALL cell lines. The inactivation
of the P53 signaling pathway is involved in the sensitivity
of Ph+ ALL cells to TKIs, including imatinib (19), while
tanshinone ITA activates the P53 signaling pathway (30).
Therefore, it was hypothesized that tanshinone ITA enhanced
the efficacy of imatinib in Ph+ ALL cells by reactivating
the p53 signaling pathway. The hypothesis was investigated
by examining the effects of tanshinone ITA combined with
imatinib on p53 and its main transcriptional targets BAX
and p21 at the mRNA and protein levels. Furthermore, the
major factor for the posttranslational regulation of p53 is
MDM?2, a specific E3 ubiquitin ligase responsible for p53
degradation (38). Therefore, the present study also examined
the effect of tanshinone ITA combined with imatinib on
MDM2. In addition, the activation of the P53 signaling
pathway depends not only on the protein abundance of P53
but also on the localization of P53 in cells (39). Therefore,
the present study also examined the effect of tanshinone ITA
combined with imatinib on the localization of p53 in cells.
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Figure 2. Tan potentiates the apoptosis-inducing effect of Im in Philadelphia chromosome-positive acute lymphoblastic leukemia cell lines. (A) SUP-B15
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vs. Tan. Im, imatinib; Tan, tanshinone ITA.

The present study first examined the effects of the drugs
on the mRNA expression levels of p53, BAX, p21 and
MDM2 using RT-qPCR analysis. As shown in Fig. 3A, in the
SUP-BI5 cells, imatinib alone upregulated MDM2 (1.39-fold
vs. control at 48 h) and downregulated p53, BAX and p21
(0.80, 0.50 and 0.56-fold vs. control at 48 h, respectively).
The expression levels of p53 and p21 were upregulated by
tanshinone ITA monotherapy for 24 h (1.85 and 2.60-fold
vs. control), which had little effect on the expression levels
of MDM2 and BAX (1.11 and 1.10-fold vs. control), and the
upregulation of p53 and p21 was further enhanced after 48 h
of treatment (2.62 and 5.60-fold vs. control). The expression
levels of MDM?2 and BAX were also upregulated (1.69 and
1.82-fold vs. control). Compared with tanshinone ITA alone,
imatinib combined with tanshinone ITA was more effective
in upregulating the expression levels of p53, p21, MDM?2 and
Bax (2.84, 6.29,2.24 and 1.88-fold vs. control at 48 h, respec-
tively). As shown in Fig. 3B, in SUP-B15/RI cells, imatinib
alone slightly upregulated MDM2 (1.11-fold vs. control at
48h), inhibited p53 expression (0.95-fold vs. control at 48 h),

slightly upregulated BAX expression (1.11-fold vs. control at
48 h), inhibited p21 expression (0.92-fold vs. control at 48 h).
Tanshinone monotherapy upregulated the expression levels
of p53 (1.60-fold vs. control), p21 (2.83-fold vs. control) and
BAX (2.31-fold vs. control) at 48 h, and slightly upregulated
the expression levels of MDM?2 (1.24-fold vs. control) at 48 h.
Imatinib combined with tanshinone ITA was more effective
than either individual drug in upregulating the expression
levels of p53, BAX and p21 at 48 h, mildly inhibiting MDM2
expression at 24 h, and slightly upregulating MDM?2 expres-
sion at 48 h. The aforementioned data indicated that imatinib
combined with tanshinone ITA activated the p53 signaling
pathway at the transcriptional level more efficiently than the
imatinib monotherapy.

The present study next examined the effects of the drugs
on the protein expression levels of P53, BAX, P21 and MDM?2
using western blotting. As shown in Fig. 3C, in the SUP-BI15
cells, imatinib alone inhibited P53, BAX and P21 expression,
which indicated that imatinib inhibited the P53 signaling
pathway. Tanshinone ITA had little effect on P53 expression but
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Figure 3. Tan combined with Im reactivates the P53 signaling pathway in Philadelphia chromosome-positive acute lymphoblastic leukemia cell lines. SUP-B15
cells were treated with 0.1% DMSO (control), 2 uM Im, 4 uM Tan or the combination of 2 yM Im and 4 M Tan for 24 and 48 h. SUP-B15/RI cells were
treated with 0.1% DMSO (control), 10 xuM Im, 8 uM Tan or the combination of 10 yM Im and 8 M Tan for 24 and 48 h. At the end of the treatments, the
cells were collected for the subsequent experiment. (A) Relative quantification of p53, MDM?2, BAX and p21 mRNA in SUP-BIS5 cells was performed by
reverse transcription-quantitative PCR. (B) Relative quantification of p53, MDM2, BAX and p21 mRNA in SUP-B15/RI cells was performed by reverse
transcription-quantitative PCR. The data are presented as the mean + SD of three different experiments with respect to the control, which was set to 1.
(C) Total protein lysates were subjected to western blot analysis for p-AKT, AKT, MDM2, p-MDM2, P53, BAX, p21 and cleaved-PARP in SUP-BIS5 cells
using the corresponding antibodies. (D) Total protein lysates were subjected to western blot analysis for p-AKT, AKT, MDM2, p-MDM2, P53, BAX, p21 and
cleaved-PARP in SUP-B15/RI cells using the corresponding antibodies. One representative western blot is presented. GAPDH was used as the loading control.
Im, imatinib; MDM2, MDM2 proto-oncogene; p-, phosphorylated; PARP, poly (ADP-ribose) polymerase; Tan, tanshinone IIA.

upregulated the expression levels of BAX and P21. Imatinib
combined with tanshinone ITA overcame the imatinib-mediated
inhibition of P53 and induced a higher degree of apoptosis than
either individual drug, as demonstrated by the high expression
levels of cleaved-poly (ADP-ribose) polymerase. MDM?2
is responsible for P53 degradation and acts as an important

negative regulator of P53. Phosphorylated AKT (Ser473) is
involved in the regulation of MDM?2 by phosphorylation on
serine 166 (35). The present study next examined the effects
of these drugs on MDM2 and the phosphorylation of MDM2
(Ser166) and AKT (Serd473). The data revealed that imatinib
monotherapy upregulated MDM2 expression and had no



ONCOLOGY LETTERS 23: 7, 2022 7

SUP-B15

B SUP-B15
40 A #

30 1
20 A
10 A
i . B

»

Nuclear P53-positive cells (%)

<

Control Im

Tan Im-+Tan

SUP-B15/RI

Merged

SUP-B15/RI

*

20 A
10 A
o Ll e - :

Control Im Tan Im+Tan

Nuclear P53-positive cells (%)

Figure 4. Tan combined with Im increases P53 localization in the nucleus. SUP-B15 cells were treated with 0.1% DMSO (control), 2 uM Im, 4 uM Tan or
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of 100 cells (magnification, x400) for each treatment. The data are presented as the mean + SD of five independent fields. The significance of the differences
was determined using one-way ANOVA with a Bonferroni post hoc test. “P<0.05 vs. Im; “P<0.05 vs. Tan. Im, imatinib; Tan, tanshinone II1A.

inhibitory effect on phosphorylated MDM2 (Serl66) or
phosphorylated AKT (Ser473). Tanshinone IIA downregulated
MDM2 expression and inhibited phosphorylated AKT (Ser473)
and phosphorylated MDM?2 (Ser166). Imatinib combined with
tanshinone ITA retained the inhibitory effect of tanshinone ITA
on MDM?2 and the phosphorylation of MDM2 (Ser166) and
AKT (Ser473). As shown in Fig. 3D, in SUP-B15/RI cells, the
effects of imatinib and tanshinone II alone or in combination
on the AKT-MDM2-p53 signaling pathway were similar to
those in SUP-B15 cells, imatinib combined with tanshinone
ITA cooperatively upregulated P53, P21 by inhibiting AKT
and MDM2, eventually increasing cleaved-poly (ADP-ribose)
polymerase.

The transcriptional activity of P53 depends on its local-
ization in the cell, and only P53 located in the nucleus can
exert transcriptional activity (39). Therefore, the present study
finally examined the effects of the drugs on the intracellular
localization of P53. P53 localization was examined using
immunofluorescence microscopy. As shown in Fig. 4A and B,

imatinib had little effect on the localization of P53 in the cells.
Tanshinone ITA alone had no significant effect on P53 protein
levels or intracellular localization. Only imatinib combined
with tanshinone ITA both upregulated P53 protein levels and
increased p53 localization in the nucleus.

Effects of tanshinone 1A and imatinib on BCR/ABL signaling
and apoptosis regulatory proteins in Ph+ ALL cell lines.
BCR/ABL kinase is the trigger of Ph+ ALL, and apoptosis
regulatory proteins determine the fate of cells (40). The present
study examined the effects of imatinib and tanshinone IIA on
BCR/ABL signaling and the apoptosis regulatory proteins
MCLI1 and BCL2. As shown in Fig. 5A and B, compared with
control group, imatinib alone inhibited the phosphorylation
of BCR/ABL and its downstream kinases STATS and MEK,
tanshinone ITA alone had no inhibitory effects on BCR/ABL,
STATS and MEK, and compared with control imatinib, the
addition of tanshinone ITA did not affect the inhibitory effect
of imatinib on BCR/ABL signaling.
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Figure 5. Effects of Tan and Im on BCR/ABL signaling and apoptosis-regulatory proteins in Philadelphia chromosome-positive acute lymphoblastic leukemia.
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were treated with 0.1% DMSO (control), 10 uM Im, 8 uM Tan or the combination of 10 xM Im and 8 M Tan for 24 h and 48 h. At the end of the treatments,
the cells were collected, and the total proteins were extracted for western blot analysis using the corresponding antibodies. One representative western blot is
presented. GAPDH was used as the loading control. (A) Effects of Tan and Im on the activation of BCR/ABL, STATS and MEK in SUP-B15 cells. (B) Effects
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family member; p-, phosphorylated; Tan, tanshinone ITA.

The effects of imatinib and tanshinone IIA on the
pro-apoptotic protein BAX have been examined in the
present study of their effects on the P53 signaling pathway.
These experiments were not repeated here. The present study
examined the effects of imatinib and tanshinone IIA on
the anti-apoptotic proteins MCL1 and BCL2. As shown in
Fig. 5C and D, 24 h of treatment with imatinib, tanshinone
ITA monotherapy or both drugs combined had no significant
effect on the expression levels of MCL1 or BCL2. Treatment
with imatinib and tanshinone IIA monotherapy for 48 h
downregulated BCL2, and imatinib inhibited BCL2 more
strongly than tanshinone ITA, while tanshinone IIA enhanced

the imatinib-mediated downregulation of BCL2. Regarding
MCLI1 expression, 48 h of treatment with imatinib alone had
no effect, 48 h of treatment with tanshinone ITA downregulated
its expression, and 48 h of treatment with a combination of
tanshinone ITA and imatinib downregulated its expression
with a stronger effect than that of tanshinone IIA monotherapy.

Tanshinone IIA combined with imatinib inhibits the
proliferation of Ph+ ALL cells in vivo. The present study
investigated the antileukemic effects and mechanisms of the
combination of imatinib and tanshinone ITA on Ph+ ALL cells
in vitro, and it next investigated its efficacy in vivo using the
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mouse Ph+ ALL model. As shown in Fig. 6, treatment with
imatinib, tanshinone ITA or both drugs combined reduced the
swelling of the spleen; however, compared with monotherapy,
the combination treatment of tanshinone II and imatinib more
effectively decreased BCR/ABL gene expression in the bone
marrow (Fig. 6B) and the number of CD19-positive cells in
spleen (Fig. 6C), which indicated a reduction in the leukemia
burden in the bone marrow and spleen.

Discussion

TKIs improve the prognosis of patients with Ph+ ALL. At
present, the standard first-line treatment approach for Ph+ ALL
is based on the use of a TKI with or without chemotherapy and
followed by consolidation therapy, and imatinib or dasatinib
are the preferred agents for the treatment of Ph+ ALL (5-12,17).
Compared with imatinib treatment, dasatinib treatment can
induce faster and deeper remission but has more toxic effects
and side effects, including pulmonary hypertension, pleural
effusion and hemorrhage (13-15). These toxic effects and side
effects often lead to treatment interruption and subsequently
affect the efficacy of the treatment (16). Therefore, it was
hypothesized that the combination of imatinib with a certain
drug could enhance the efficacy of imatinib without enhancing
the toxicity or side effects of imatinib. In the present study,
it was revealed that the combination of tanshinone ITA with
imatinib enhanced the anti-leukemic effect of imatinib
in vitro and in vivo. Mechanistically, the combination of
tanshinone IIA with imatinib inhibited AKT/MDM?2,
reactivated the P53 signaling pathway and downregulated
the anti-apoptotic proteins MCL1 and BCL2, leading to cell
apoptosis. It has been reported that TKIs cannot effectively

inhibit the activation of the AKT signaling pathway (41,42) or
mediate the transcriptional inactivation of the P53 signaling
pathway (20). These characteristics of TKIs affect their
efficacy and even induce drug resistance. The present results
demonstrated that imatinib inhibited the P53 signaling
pathway at the mRNA and protein levels. In addition, imatinib
upregulated MDM?2 expression at the mRNA and protein
levels. MDM2, an E3 ubiquitin ligase, specifically mediates
the ubiquitination and degradation of P53, thus adjusting the
depth and duration of P53 activation, and is the most important
negative regulator of P53 (37). Imatinib upregulated the
expression levels of MDM?2, thus accelerating the degradation
of P53, thereby inhibiting the P53 signaling pathway at the
post-translational level. In contrast to imatinib, tanshinone ITA
upregulated the P53 signaling pathway at the mRNA level but
had no significant effect on the P53 signaling pathway at the
protein level. The effect of tanshinone IIA on MDM?2 was also
different from that of imatinib. Tanshinone ITA upregulated
MDM2 expression at the mRNA level but inhibited MDM?2
expression at the protein level, suggesting that tanshinone ITA
inhibited MDM?2 expression at the post-transcriptional level.
Since tanshinone ITA inhibited MDM2 protein expression,
it thereby reduced MDM?2-mediated P53 degradation and
activated the P53 signaling pathway. When tanshinone
ITA was combined with imatinib, the upregulating effect of
tanshinone IIA on P53 at the mRNA level was enhanced,
and the inhibitory effect of tanshinone IIA on MDM?2
protein expression was also enhanced; however, the specific
mechanism was not clear. The final result was that tanshinone
ITA combined with imatinib synergistically activated the P53
signaling pathway and synergistically induced apoptosis.
Consistent with the literature (41,42), imatinib had no
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inhibitory effect on the activation of AKT by phosphorylation
on serine 473 in Ph+ ALL cells, while tanshinone ITA inhibited
the activation of AKT by phosphorylation on serine 473 in
Ph+ ALL cells. When tanshinone ITA was combined with
imatinib, the inhibitory effect of tanshinone IIA on the
activation of AKT by phosphorylation on serine 473 was
enhanced. Phosphorylated AKT (Ser473) is responsible
for phosphorylating MDM2 (serl66) (40). Phosphorylated
MDM?2 (serl66) is more likely to enter the nucleus than
non-phosphorylated MDM2 and thus exports p53 from the
nucleus to the cytoplasm and mediates its ubiquitination and
degradation more effectively than MDM2 (43). The present
results revealed that tanshinone ITA combined with imatinib
not only synergistically inhibited MDM?2 protein expression
but also inhibited the phosphorylation of MDM2 (serl66)
by synergistically inhibiting the phosphorylation of AKT
(Serd73), thereby more effectively inhibiting MDM2-induced
degradation of P53 and thus activating the P53 signaling
pathway more effectively. The present data demonstrated
that tanshinone IIA combined with imatinib overcame the
inhibition of the P53 signaling pathway induced by treatment
with imatinib alone and retained and enhanced the ability
of tanshinone IIA to activate the p53 signaling pathway.
Based on the aforementioned results, it was concluded that
the synergistic regulation of the AKT-MDM2-P53 signaling
pathway is an important mechanism in the enhancement of the
anti-leukemic effects of imatinib by tanshinone ITA.
BCR/ABL signaling is essential for Ph+ ALL cells, and
TKIs exert antileukemic effects by targeting the inhibition of
BCR/ABL signaling. The present results demonstrated that
tanshinone IIA had no inhibitory effect on BCR/ABL signaling
but the combination of tanshinone II and imatinib did not
weaken the inhibitory effect of imatinib on BCR/ABL signaling.
Therefore, tanshinone II did not impair the anti-leukemic effi-
cacy of imatinib. Apoptosis regulatory proteins determine the
fate of cells under stress. Imatinib alone inhibited the expression
of the pro-apoptotic protein BAX, had a weak inhibitory effect
on the anti-apoptotic protein BCL2 and had no effect on the
anti-apoptotic protein MCLI1. Therefore, the apoptotic induc-
tion effect of imatinib was weak. Tanshinone ITA combined
with imatinib not only overcame the defect of imatinib alone
by inhibiting BAX but also synergistically inhibited BCL2 and
MCLI, thus enhancing the apoptotic induction effect. Further
in vivo experiments also revealed that tanshinone ITA enhanced
the anti-leukemic effect of imatinib, and notably, tanshinone
ITA did not increase the toxic side effects of imatinib in vivo.
Our previous study revealed that MDM?2 inhibitor
nutlin-3 plus tanshinone ITA combined with imatinib quickly
and effectively inhibited the activation of the ALT-MDM?2
signaling pathway mediated by imatinib and relieved the
inhibition of the p53 signaling pathway, thereby enhancing
the anti-leukemia effect of imatinib in Ph+ ALL cells (41).
Compared with nutlin-3 plus tanshinone ITA combined
with imatinib, the anti-leukemia effect of tanshinone IIA
combined with imatinib was slower in speed and lower
in intensity. Nutlin-3 plus tanshinone IIA combined with
imatinib induced 70.5+5.2% SUP-B15 cell apoptosis at 24 h,
while tanshinone ITA combined with imatinib only induced
45.04+5.74% SUP-BI15 cell apoptosis at 48 h. Although
the anti-leukemia effect of tanshinone ITA combined with

imatinib was relatively slower and lower than that of nutlin-3
plus tanshinone ITA combined with imatinib, tanshinone ITA
has been widely used in clinical practice and has good phar-
macological safety. Tanshinone ITA combined with imatinib
can be quickly applied to the clinic to benefit patients, while
the research of nutlin3 inhibitors is still mainly in preclinical
research stages, and its safety in humans requires a long time
to verify. Therefore, it will take a long time for it to enter
clinical application.

In conclusion, the present study demonstrated that
tanshinone ITA enhanced the efficacy of imatinib in Ph+ ALL
cells in vitro and in vivo. These findings, coupled with
the known pharmacological safety of tanshinone ITA and
especially its cardioprotective effect, provide a compelling
case for using a combination of imatinib with tanshinone ITA
to treat patients with Ph+ ALL.
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