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Abstract
SMARCB1/INI1 deficiency is seen in several malignant tumors including malignant rhabdoid tumor (MRT), a highly aggres-
sive pediatric malignancy. Loss of SMARCB1/INI1 function alters diverse oncogenic cellular signals, making it difficult 
to discover effective targeting therapy. By utilizing an in vitro drug screening system, effective therapeutic agents against 
SMARCB1/INI1-deficient tumors were explored in this study. In the in vitro drug sensitivity test, 80 agents with various 
actions were screened for their cytotoxicity in a panel of five SMARCB1/INI1-deficient tumor cell lines. The combina-
tion effect was screened based on the Bliss independent model. The growth-inhibitory effect was determined in both the 
conventional two-dimensional culture and the collagen-embedded three-dimensional culture system. Survivin expression 
after agent exposure was determined by Western blot analysis. All five cell lines were found to be sensitive to YM155, a 
selective survivin inhibitor. In the drug combination screening, YM155 showed additive to synergistic effects with various 
agents including chrysin. Chrysin enhanced YM155-induced apoptosis, but not mitochondrial depolarization upon exposure 
of SMARCB1/INI1-deficient tumor cells to the two agents for 6 h. YM155 and chrysin synergistically suppressed survivin 
expression, especially in TTN45 cells in which such suppression was observed as early as 6 h after exposure to the two agents. 
Survivin is suggested to be a therapeutic target in MRT and other SMARCB1/INI1-deficient tumors. Chrysin, a flavone 
that is widely distributed in plants, cooperatively suppressed survivin expression and enhanced the cytotoxicity of YM155.
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Introduction

Malignant rhabdoid tumor (MRT) is a rare pediatric tumor 
affecting various anatomic sites such as the kidney (rhab-
doid tumor of the kidney), brain (atypical teratoid/rhabdoid 
tumor), or soft tissues. MRT is a highly aggressive tumor. 
Long-term survival can be expected after complete surgical 

resection; however, the prognosis of patients with unresect-
able tumors or metastatic diseases is extremely poor with 
an expected long-term survival rate of less than 10% among 
patients with soft tissue MRT who were treated nonopera-
tively [1, 2]. MRT may initially respond to chemotherapy to 
some degree; however, it eventually acquires resistance [3].

Loss of expression of SMARCB1/INI1 protein is a char-
acteristic feature of MRT, and pathological determination of 
INI1 expression in the tumor is useful for its diagnosis [4]. 
Loss of SMARCB1/INI1 protein expression is not specific 
for MRT; it is seen in other tumors as well, including some 
cases of epithelioid sarcoma [5]. SMARCB1/INI1 has been 
shown to act as a tumor suppressor gene, and loss of func-
tion of both alleles gives rise to SMARCB1/INI1-deficient 
tumors [6, 7]. Loss of SMARCB1/INI1 function leads to 
dysregulation of several cellular processes associated with 
oncogenesis such as the CDK4/CDK6/cyclinD1, Sonic 
Hedgehog pathway, and WNT/β-catenin pathway. Altera-
tions in multiple cell signal pathways resulting from the 
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loss of SMARCB1/INI1 function hamper the development 
of a specific signal inhibition therapy for MRT and other 
SMARCB1/INI1-deficient tumors.

Survivin is a member of the inhibitor of apoptosis (IAP) 
family of proteins, and is highly expressed in a broad range 
of solid tumors including childhood cancers such as epend-
ymoma, malignant peripheral nerve sheath tumor, and hepa-
toblastoma [8–10]. Survivin has been identified in different 
cellular subfractions conferring various cellular processes 
including proliferation and maturation. Mitochondrial sur-
vivin plays a role in protecting cells from apoptosis [11]. 
Because survivin is not expressed in differentiated normal 
tissue, survivin can be one of the candidates as a therapeu-
tic target of cancers. Survivin expression was reported in 
rhabdoid tumor of the kidney [12]; however, it has not been 
evaluated in other SMARCB1/INI1-deficient tumors.

In this study, we examined the in vitro growth-inhibitory 
effects of 80 agents including YM155, a survivin inhibitor, 
in five cell lines derived from MRT or other SMARCB1/
INI1-deficient tumors. We also evaluated the combined 
effects of YM155 and other agents to discover a new thera-
peutic approach against SMARCB1/INI1-deficient tumors.

Materials and methods

Cell lines and cell culture

TTN45, RTK (GIF), and RTK (J)-4N are cell lines derived 
from tumors that were clinically diagnosed as MRT [13]. 
YCUS-5 derived from epithelioid sarcoma has been reported 
previously [14]. KCS1 is a cell line that we newly established 
from the recurrent tumor in the mediastinum of a 4-year-old 
girl. The tumor in this patient was initially considered to be 
pleuropulmonary blastoma. However, the typical pathologi-
cal features of pleuropulmonary blastoma were not seen in 
the recurrent tumor, and it was pathologically diagnosed as 
an INI1-deficient tumor without rhabdoid feature. We con-
firmed loss of SMARCB1 expression by RNAseq in these 
five cell lines (data not shown). Cells were maintained in 
RPMI1640 medium (FUJIFILM Wako Pure Chemical Cor-
poration, Osaka, Japan) supplemented with 10% fetal bovine 
serum (FBS) in an atmosphere with 5% CO2 at 37 °C.

Reagents

YM155 was purchased from Selleck Chemicals (Houston, 
TX, USA) and dissolved in sterile water (to a final stock 
solution concentration of 200 μM). Chrysin dimethylether 
(chrysin), which was purchased from EXTRASYNTHESE 
S.A. (Lyon, France), was dissolved in DMSO (to a final 
stock solution concentration of 10 mg/ml). Stock solutions 
were stored at − 80 °C.

Drug sensitivity screening

Drug sensitivity screening, which we previously per-
formed in leukemic cells, was performed to evaluate the 
drug sensitivity of SMARCB1/INI1-deficient tumor cell 
lines [15]. Briefly, 80 agents with several different classes 
of action were dissolved in DMSO or deionized water 
according to the manufacturer’s instructions, and diluted in 
FBS-free RPMI1640. Ten μl of agent-containing medium 
and its 5−1, 5−2, and 5−3 serially diluted media were loaded 
in a 384-well plate (drug-store plate). In the control wells, 
RPMI1640 without agent was added. The list of agents and 
their highest concentrations used in the assay are shown in 
Supplemental Table 1.

Cells were suspended in RPMI1640 medium with 20% 
FBS at a concentration of 1 × 105 live cells/ml, and 10 μl 
of the cell suspension was injected into each well of a 384-
well plate (cell-culture plate). After 1-day incubation in a 
humidified environment at 37 °C under 5% CO2, the agent-
containing medium was transferred to the cell-culture plate 
from the agent-store plate at 10 μl/well. After incubation 
in a humidified environment at 37 °C under 5% CO2 for 
3 days, the cell viability in each well was measured using 
the CellTiter-Glo luminescent assay (Promega, Madison, 
WI, USA).

The effect of the drug or agent was expressed as the 
drug effect score (DES) proposed by Szulkin et al. as pre-
viously reported [15, 16]. DES was calculated based on the 
different degrees of sensitivity at each different concen-
tration, by weighted counting of the survival percentage 
and the drug concentration as follows: DES = {(100 − % 
survival at 5−3 dilution)*ln(125) + (100  −  % sur-
vival at 5−2 dilution)*ln(25) + (100 − % survival at 5−1 
dilution)*ln(5) + (100  −  % survival at no dilution)}/
{ln(125) + ln(25) + ln(5) + 1}. The reference DES is the 
mean value when the assay was performed using periph-
eral blood mononuclear cells from healthy volunteers. The 
cell line was considered to be sensitive to a drug or agent 
when its DES was larger than the corresponding reference 
DES.

Drug combination assay

To screen the effects of the combination of YM155 with 
other agents, cell lines were applied onto 2 wells of 384-
well plates for drug sensitivity screening. In one of the 
wells, YM155 at 10 nM (final concentration) and the part-
ner agent were added; in the other well, only the partner 
agent was added. Cell survival in each well was measured 
as described above. For the validation study, cell sur-
vival after exposure to YM155 at eight serially diluted 
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concentrations with or without chrysin at 4 μg/ml was 
measured in the same way. The effect of the combination 
of the two agents was expressed as the combination index 
(CI) based on the Bliss independence model, which is one 
of the most popular models to assess the combined effects 
of drugs [17]. The Bliss independence model has a limita-
tion that the model does not take into account heterogene-
ity of drug actions; however, the methodological simplicity 
is suitable for the screening of the combined effects. The 
CI was calculated as follows: CI = (EA + Eb − EAEb)/EA+b, 
where EA or Eb is the effect (1 − survival rate) of agent A 
or B at concentration a or b, respectively, and EA+b is the 
effect of the combination of agent A at concentration a and 
agent B at concentration b. When the CI was equal to, less 
than, or greater than 1.0, the combination was judged to be 
additive (CI = 1.0), synergistic (CI < 1.0), or antagonistic 
(CI > 1.0), respectively.

Collagen‑gel‑embedded three‑dimensional culture 
of cell lines

Recent studies suggest that the three-dimensional (3D) cul-
ture system may provide a better tool to mimic physiologi-
cal drug function [18, 19]. The growth-inhibitory effects 
of YM155 and chrysin were evaluated in the collagen-gel-
embedded 3D-culture, using a collagen gel culture kit (Nitta 
Gelatin, Osaka, Japan). Collagen gel was constituted by a 
mixture of Cellmatrix I-A, ten times Ham’s F-12 medium, 
and reconstruction buffer at a ratio of 8:1:1. Cells were sus-
pended in the collagen gel at a density of 2 × 105 cells/ml, 
and 50 μl of the gel was injected into each well of a Falcon 
96-well plate (Corning, Corning, NY, USA). After semi-
solidification of the gel by incubation at 37 °C for 20 min, 
40 μl of RPMI1640 medium with 20% FBS was added in 
each well. After 1-day incubation, 10 μl of medium contain-
ing serially diluted YM155 and/or chrysin at 4 μg/ml was 
added onto each well. After incubation for 72 h, cell survival 
was evaluated by the CellTiter-Glo luminescent assay.

Apoptotic change of nuclei after agent exposure

Cells were seeded onto a 24-well glass bottom plate 
(IWAKI, Shizuoka, Japan) at a density of 5 × 104 cells/500 μl 
with control medium (0.1% DMSO), medium containing 
YM155 alone at 10 nM, medium containing chrysin alone 
at 4 μg/ml, or medium containing a combination of YM155 
at 10 nM and chrysin at 4 μg/ml. These concentrations 
were determined by selecting the concentration that caused 
50% growth inhibition in the drug sensitivity screening 
test. After incubation for 48 h, cellular nuclei were stained 
with NucBlue Live ReadyProbes Reagent (ThermoFisher 
Scientific, Waltham, MA) according to the manufacturer’s 

instructions. Cells were observed for apoptotic change of 
nuclei under fluorescence microscopy (KEYENCE, Osaka, 
Japan).

JC‑1 assay

To evaluate mitochondrial damage after agent exposure, 
the MitoPT JC-1 assay (ThermoFisher Scientific, Waltham, 
MA) was performed. Cells were seeded onto a 24-well glass 
bottom plate at a density of 5 × 104 cells/500 μl. After incu-
bation for 6 h in control medium (0.1% DMSO), medium 
containing 2-[2-(3-chlorophenyl) hydrazinylyidene] propan-
edinitrile (CCCP; as an inducer of mitochondrial depolariza-
tion) at 50 μM, medium containing YM155 alone at 10 nM, 
medium containing chrysin alone at 4 μg/ml, or medium 
containing the combination of YM155 and chrysin at the 
indicated concentrations, cells were stained with MitoPT 
JC-1 at 37 °C for 30 min. Because mitochondria depolari-
zation is indicated by a decrease in red fluorescence and an 
increase in green fluorescence in the JC-1 assay, the numbers 
of intact (JC-1 red) and damaged (JC-1 green) cells were 
counted under fluorescence microscopy. The analysis by 
JC-1 was performed in triplicate.

Western blotting

Cells were seeded onto a 6-well plate at a density of 1 × 105 
cells/ml. Then, YM155 at 10 nM, chrysin at 4 μg/ml, or 
their combination was added to each well. DMSO at 0.1% 
without agents was added in the control wells. Cells were 
incubated for 6 or 24 h. Cellular proteins were extracted 
in RIPA buffer (ThermoFisher Scientific). Twenty-five μg 
of protein was loaded onto 4–12% SDS–PAGE gels and 
blotted onto a nitrocellulose membrane using the iBlot 2 
Dry Blotting System (ThermoFisher Scientific). Blots were 
blocked and probed with antibodies against survivin (1:500 
dilution; Abcam, Cambridge, UK) or with antibodies against 
β-actin (1:10,000 dilution; Sigma‑Aldrich, St. Louis, MO, 
USA). The blots were incubated with horseradish peroxi-
dase-conjugated secondary antibodies and detected using 
iBind Western System (ThermoFisher Scientific). Finally, 
the protein bands were scanned with a Gel imaging Instru-
ment (KURABO, Osaka, Japan).

Proteins extracted from Jurkat cells were used as a posi-
tive control for survivin (data not shown).

Statistical analysis

The statistical significance of differences between the con-
trol and treated samples was evaluated by Student’s t test. 
Statistical analyses were performed using the analysis func-
tion of SigmaPlot 14 software (Systat Software Inc., San 
Jose, CA).
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Results

Drug sensitivity screening

In the high-throughput drug sensitivity screening, a cell 
line was considered as being sensitive to the tested agent 
when its DES was larger than the corresponding refer-
ence DES (the value in peripheral blood mononuclear cells 
obtained from healthy volunteers). We found that all cell 
lines were sensitive to several agents as shown in sup-
plemental Fig. 1. In Table 1, the mean DES among five 
cell lines for each drug after subtracting the correspond-
ing reference DES is presented. Among the tested agents, 
YM155, a survivin inhibitor, and topotecan, a topoisomer-
ase inhibitor, were potentially effective agents with the rel-
atively high DES and with the broadest spectrum. As the 
therapeutic benefit of topotecan has been well established 
in refractory or recurrent solid tumors of children [20, 
21], we proceeded with further examination of YM155 

to explore its therapeutic potential for SMARCB1/INI1-
deficient tumors in this study.

Drug combination screening

The combination therapy by cytotoxic chemotherapy and 
targeting drugs is a promising approach for cancer therapy. 
Thus, as the next step, we screened the combination effects 
of YM155 with other agents. The CIs between a agent at 
four serially diluted concentrations and YM155 at 10 nM 
were calculated based on the Bliss independence model. As 
a result (Supplemental Fig. 2, Table 2), the CI values were 
around 1.0, including some values that were less than 1.0, in 
all 79 tested agents, suggesting that combined use of YM155 
may provide additive to synergistic effects to a wide range of 
anticancer agents. Among those agents that had additive to 
synergistic combination effects with YM155 in the screening 
assay, we next focused on chrysin as a partner of YM155, 
because chrysin was previously shown to antagonize the 
cytotoxic effects of various anticancer drugs [22].

Fig. 1   Dose response curves of YM155 with or without Chrysin in 
the 2D or 3D-culture system. a To validate the combination effect 
between YM155 and chrysin, cell lines were applied onto 2 of 384-
well plates, in one of which chrysin was added to each tested well 
at 4 μg/ml (final concentration). YM155 at eight serially diluted con-
centrations was loaded onto the wells, and cell survival in each well 
was measured by CellTiter-Glo luminescent assay. An open or closed 
circle in the figure indicates cell survival with or without chrysin, 

respectively. b The growth-inhibitory effects of YM155 and chrysin 
were evaluated in the collagen-gel-embedded 3D-culture, using a col-
lagen gel culture kit (Nitta Gelatin, Osaka, Japan). Cells suspended in 
the collagen gel were injected into each well of a 96-well plate. After 
1-day incubation, medium containing serially diluted YM155 and/or 
chrysin at 4 μg/ml was added onto each well. After 72 h incubation, 
cell survival was evaluated by the CellTiter-Glo luminescent assay
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To validate the results of the drug combination screening, 
the combination effect of YM155 and chrysin was evaluated 
using the CellTiter-Glo luminescent assay (Fig. 1a). MRT 
and epithelioid sarcoma cells were seeded onto a 384-well 
plate, and then exposed to 1.5 times serially diluted YM155 
at concentrations of up to 40 nM, with or without chrysin 
at 4 μg/ml. The CIs of YM155 and chrysin were around 
1.0 across the tested YM155 concentrations in all cell lines 
but there were several combinations that were judged as 
synergistic (CI < 1.0). The CIs at each concentration of 
YM155 and chrysin at 4 μg/ml are shown in Table 3. The 

combination effect of YM155 and chrysin was also evalu-
ated by collagen-gel-embedded 3D-culture assay (Fig. 1b). 
Compared to the two-dimensional (2D) culture, the combi-
nation effects of YM155 and chrysin in the 3D-culture sys-
tem were not consistent. In RTK (J)-4N and KCS1 cells, the 
combination effects were considered to be rather antagonis-
tic (CI > 1.0) at lower concentrations of YM155. However, 
otherwise, the CIs were around 1.0 or < 1.0, especially in 
TTN45 or RTK (GIF), in which the CIs were less than 1.0 
at all tested concentrations.

Induction of apoptosis by YM155 and chrysin

It has been shown that YM155 induces apoptosis in cancer 
cells by activating the mitochondrial apoptotic pathway [23]. 
To evaluate if chrysin enhances YM155-induced apoptosis, 
we evaluated the nuclear morphological change in TTN45 
and RTK (GIF) cells after exposure to YM155 and/or chry-
sin by nuclear staining with NucBlue (Supplemental Fig. 3). 
We found that YM155 exposure resulted in cells with apop-
totic features, which were further enhanced in concert with 
chrysin, although chrysin alone did not induce morphologi-
cal apoptotic features.

Mitochondrial depolarization after incubation of 
SMARCB1/INI1-deficient tumor cells with YM155 
and/or chrysin was measured by the MitoPT JC-1 
assay (Fig. 2, Supplemental Fig. 4). YM155 at 10 nM 

Table 1   The in vitro drug sensitivity screening in a panel of SMARCB1/INI1-deficient cell lines

DES drug effect score, 4-HO-CY 4-hydroperoxyl cyclophosphamide

Agent Mean DES Agent Mean DES Agent Mean DES Agent Mean DES

Dexamethasone 0 Lapatinib 10.3 Imatinib 7.7 Lenvatinib 3.9
Clofarabine 0 Erlotinib 4.3 Dasatinib 0 RG-7112 7.9
Eribulin 2.6 Crenolanib 3.5 Saracatinib 2.6 Tazemetostat 0
SN38 18.4 Ibrutinib 3.0 ICG-001 2.5 Ml-773 0
Cytarabine 0 Tandutinib 3.7 Sonidegib 3.1 Panobinostat 0
Etoposide 24.1 Crizotinib 5.1 EPZ005687 3.8 AZD1208 0
Carboplatin 5.0 Volasertib 7.4 Vorinostat 1.6 PX-478 2HCI 0
l-Asparaginase 25.6 Trametinib 5.1 Barasertib 12.5 Selisistat 0
Temozolomide 0 Selumetinib 8.7 ABT-199 0 Decitabine 1.9
Vinblastine 2.0 Vemurafenib 15.2 Olaparib 14.3 Apabetalone 0
Vincristine 0 Dabrafenib 12.2 Tanespimycin 9.2 Pinometostat 0
4-HO-CY 0 Sorafenib 3.8 Palbociclib 4.4 GSK2879552 2HCI 0
Docetaxel 27.1 Regorafenib 1.9 Bortezomib 0 Gilteritinib 0
Mitoxantrone 0 Everolimus 10.5 Z-LLNle-CHO 3.1 Linsitinib 0
Fludarabine 0 Perifosine 1.9 GSK269962A 6.5 YM155 34.4
Topotecan 35.9 Idelalisib 4.8 Elesclomol 0 2-Methoxyestradiol 0
Ara-G hydrate 0 Pl-103 9.0 CEP-701 0 Chrysin 0
Azacitidine 7.8 AZD1480 10.0 GW843682X 5.3 Quercetin 3.8
Linifanib 10.2 Ruxolitinib 6.0 AZD7762 0 Carfilzomib 0
Pazopanib 12.1 Ponatinib 14.4 Rapamycin 13.3 R04929097 0

Table 2   Combination indexes between a fixed dose of YM155 
(10 nM) and chrysin at various concentrations

Cells were incubated with YM155 and chrysin at the indicated con-
centrations for 3  days. When the combination index (CI) was equal 
to, less than, or greater than 1.0, the combination was judged to be 
additive (CI = 1.0), synergistic (CI < 1.0), or antagonistic (CI > 1.0), 
respectively

Chrysin (µg/ml)

0.08 0.4 2 10

YCUS-5 1.07 1.03 0.99 0.88
KCS1 1.13 1.06 0.97 1.09
TTN45 0.99 1.02 0.97 0.99
RTK (GIF) 1.05 1.18 0.82 0.74
RTK (J)-4N 1.02 1.00 1.01 1.09
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significantly induced loss of mitochondria transmem-
brane potential which was indicated by the decreased ratio 
of JC-1 red (intact) cells/JC-1 green (damaged) cells in 
TTN45, RTK (GIF), and KCS1 cells, although significant 
differences were not observed in RTK (J)-4N and YCUS-5 

cells upon exposure for 6 h. The effect of chrysin was 
inconsistent among the cells. Chrysin at 4 μg/ml seemed 
rather protective in TTN45, RTK (J)-4N, and YCUS-5 
cells, showing a significant difference in YCUS-5 cells. 
In TTN45 cells, chrysin showed a significant protective 

Table 3   Combination indexes between YM155 at various concentrations and a fixed dose of chrysin (4 μg/ml)

Cells were incubated with YM155 and chrysin at the indicated concentrations for 3 days. When the combination index (Cl) was equal to, less 
than, or greater than 1.0, the combination was judged to be additive (Cl = 1.0), synergistic (Cl < 1.0), or antagonistic (Cl > 1.0), respectively

YM155 (nM) 2D-culture 3D-culture

YCUS5 TTN45 RTK(GIF) RTK(J)-4 N KCS1 YCUS5 TTN45 RTK(GIF) RTK(J)-4 N KCS1

2.3 0.89 1.07 1.11 1.04 0.50 1.19 0.94 0.65 1.56 1.89
3.5 0.73 1.13 0.98 1.07 0.85 0.88 0.86 0.62 1.59 0.66
6.3 0.73 0.81 0.81 1.01 0.85 0.90 0.93 0.78 1.28 1.15
7.9 0.81 0.91 0.66 1.00 0.85 0.94 0.98 0.87 1.14 1.09
11.9 0.90 0.94 0.58 1.01 0.89 0.95 0.99 0.90 1.11 1.08
17.8 0.94 0.97 0.63 1.00 0.98 0.96 1.00 0.96 1.04 1.03
26.7 0.98 0.99 0.92 1.00 1.00 0.98 1.00 0.99 1.01 0.98
40.0 0.99 1.00 0.98 1.00 0.99 0.99 1.00 0.99 1.01 1.01

Fig. 2   Loss of mitochondrial transmembrane potential after agent 
exposure. Cells were seeded onto a 24-well glass bottom plate. After 
6 h incubation in control medium, medium containing 2-[2-(3-chloro-
phenyl) hydrazinylyidene] propanedinitrile (CCCP; as a positive con-
trol) at 50uM, medium containing YM155 alone at 10 nM, medium 
containing chrysin alone at 4  μg/ml, or medium containing the 
combination of YM155 at 10 nM and chrysin at 4 μg/ml, cells were 

stained with MitoPT JC-1 (ThermoFisher Scientific, Waltham, MA). 
The numbers of cells with intact or damaged mitochondrial trans-
membrane potential (JC-1 red or green, respectively) were counted 
under fluorescence microscopy. The bar with the error bar indicates 
the mean ratio of JC-1 red/green cells with standard deviation in trip-
licate counting. *P < 0.05, **P < 0.01
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effect against YM155-induced mitochondrial damage. 
These results suggest that the mitochondrial pathway is 
involved in YM155-induced apoptosis in SMARCB1/
INI1-deficient tumor cells; however, it is not likely that 
chrysin directly enhances YM155-induced mitochondrial 
apoptosis.

Combination of YM155 and chrysin reduced survivin 
expression

Survivin expression was evaluated by Western blotting 
in SMARCB1/INI1-deficient cell lines after 6 or 24 h 
exposure to YM155 at 10 nM, chrysin at 4 μg/ml, or their 
combination (Fig. 3). YM155 has been characterized as 
an inhibitor of survivin expression; however, upon 24 h 
exposure, YM155 noticeably reduced survivin expres-
sion in only YCUS-5 cells. In contrast, when YM155 was 
combined with chrysin, survivin expression was repressed 
in all cell lines. Such change was observed as early as 
6 h after incubation with the two agents in TTN45 cells. 
Chrysin alone did not affect survivin expression. Thus, 
the mechanism by which the combination of YM155 
and chrysin reduced the viability of the cancer cell lines 
includes synergistic inhibition of survivin expression.

Discussion

MRT is a rare, aggressive soft tissue sarcoma that mostly 
develops in infants [24]. Loss of SMARCB1/INI1 expres-
sion is a characteristic of MRT, but is not an exclusive fea-
ture of MRT [4]. SMARCB1/INI1 is a core subunit of the 
SWI/SNF (BAF) chromatin-remodeling complex, and loss 
of function of SMARCB1/INI1 has been shown to lead to 
several cellular events associated with proliferation such as 
Cyclin D1 expression, activation of the Hedgehog pathway, 
and activation of the WNT/β-catenin pathway [6, 7]. Loss 
of SMARCB1/INI1 is thought to be a driver event of onco-
genesis in MRT and other SMARCB1/INI1-deficient tumors 
[6, 7]. However, a specific therapy targeting SMARCB1/
INI1 loss has not been developed because loss of wild-type 
SMARCB1/INI1 functions results in diverse cellular signal 
alterations.

In this study, we performed in vitro drug sensitivity 
screening in an attempt to discover a novel therapy against 
SMARCB1/INI1-deficient tumors. We found that YM155, 
a survivin inhibitor, effectively inhibited the survival of 
MRT and other SMARCB1/INI1-deficient tumor cell lines. 
Recently, EZH2 inhibition was suggested to counteract the 
epigenetic alterations caused by SMARCB1/INI1 loss and 
to have a therapeutic potential in MRT [25]. Tazemetostat, 
a specific EZH2 inhibitor, was included in our tested agent 
panel; however, tazemetostat did not reduce the viability of 

Fig. 3   Western blot analysis of survivin expression after agent expo-
sure. Cells were incubated in medium containing YM155 at 10 nM, 
chrysin at 4 μg/ml, or their combination for 6 or 24 h. Proteins were 

extracted and applied to Western blot analysis to detect the expression 
of survivin and β-actin as a control. Y + C, combination of YM155 at 
10 nM and chrysin at 4 μg/ml
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SMARCB1/INI1-deficient tumor cells in vitro at concentra-
tions of up to 1 μM in our assay.

Survivin is a member of the IAP family, which plays roles 
in regulation of cell proliferation and cell death [11]. Sur-
vivin is overexpressed in various types of cancers including 
rhabdoid tumor of the kidney [12], although its expression 
is not seen in most normal differentiated tissues, suggesting 
that survivin is an attractive therapeutic target of cancer. 
Survivin inhibits apoptotic and autophagic cell death and its 
overexpression is associated with the aggressive phenotype 
and reduced drug sensitivity of cancer cells [11]. YM155, 
a small molecule inhibitor of survivin expression, has anti-
tumor effects in several cancers, and results of clinical trials 
of YM155 in patients with non-small cell lung cancer [26], 
lymphoma [27], breast cancer [28], melanoma [29], or pros-
tate cancer [30] have been reported, although the effects of 
YM155 in MRT and other SMARCB1/INI1-deficient tumors 
had not been determined. Based on our results, YM155 is 
expected to have a therapeutic effect against SMARCB1/
INI1-deficient tumors. YM155 has been reported to be able 
to induce cancer cell death via the pathways independent 
from survivin inhibition [31]. Because survivin inhibition 
was not evident by YM155 alone except for YCUS5 cells, 
other pathways than survivin inhibition might be involved 
in YM155-induced SMARCB1/INI1-deficient tumor cell 
death. However, LQZ-7I, a survivin dimerization inhibi-
tor [32], also inhibits growth of RTK (J)-4N or YCUS5 
cells at 50% inhibitory concentration of 7–8 µM (data not 
shown), supporting survivin can be a therapeutic target of 
SMARCB1/INI1-deficient tumors.

Combined use of drugs with different modes of action 
is a clinically promising approach to enhance the effect on 
the target and to disperse organ toxicities. Since survivin 
inhibition was suggested to be therapeutic in SMARCB1/
INI1-deficient tumors, we screened agents for their syn-
ergy with YM155. Among 79 agents with various modes 
of action, most of the agents had more than additive effects 
upon simultaneous addition of YM155. Among these agents, 
we decided to perform further validation studies with chry-
sin, since the result seemed to be contradictory to the find-
ings of our previous study [22]. In the validation study with 
a fixed dose of chrysin in contrast to the drug combination 
screening where a fixed dose of YM155 was used, the CIs 
were approximately 1.0 at various concentrations of YM155 
in all tested cell lines. Thus, chrysin was shown to have at 
least an additive effect in combination with YM155. The 
3D-culture system provides a more physiological in vitro 
condition to cells than the 2D-culture system, and cancer 
cells in the 3D-culture respond to chemotherapeutic drugs 
differently compared to cancer cells in the conventional 
2D-culture [18, 19]. In this study, we utilized the colla-
gen gel droplet embedded-drug sensitivity test (CD-DST) 
[33–35] with some modifications to apply the method to the 

high-throughput drug screening. In the CD-DST, the various 
drugs added in the culture medium have been successfully 
evaluated for their cytotoxicity to 3D-cultured tumor cells 
in collagen gel droplet. Using the modified CD-DST, the 
combination effects of YM155 and chrysin were also judged 
as being mostly additive to synergistic, except for some data 
points at lower concentrations of YM155 where the combi-
nation effects were judged as antagonistic, presumably due 
to the computational problem derived by decreased cytotoxic 
effects of chrysin in the 3D-culture.

Chrysin, a bioactive natural flavone, has been shown to 
have several bioactivities including antioxidant, anti-inflam-
matory, and anti-tumor effects [36]. We previously showed 
that 5,7-dimethoxyflavone which is a bioavailable derivative 
of chrysin induced cell cycle arrest in acute lymphoblastic 
leukemia cells and antagonized cytotoxic effects of simulta-
neously added chemotherapy drugs [22]. In contrast, another 
study showed that chrysin increased the sensitivity of pan-
creatic cancer cells to gemcitabine by inhibiting the activity 
of carbonyl reductase 1 which is associated with resistance 
to gemcitabine [37]. Thus, the combination effect conferred 
by chrysin might be different depending on the partner drug 
or the tumor type.

In this study, chrysin enhanced YM155-induced apoptosis 
in SMARCB1/INI-1-deficient tumor cells, although chrysin 
at 4 μg/ml alone did not induce apparent apoptotic features 
upon 48 h exposure. YM155 is thought to induce both intrin-
sic and extrinsic apoptosis by inhibiting survivin expres-
sion. Because chrysin has been reported to induce apoptosis 
in some cancers by activating the mitochondrial apoptotic 
pathway [38], the changes in mitochondrial transmembrane 
potential in SMARCB1/INI-1-deficient tumor cells were 
determined after exposure to YM155 and chrysin. We found 
that YM155 at 10 nM induced mitochondrial damage upon 
incubation with SMARCB1/INI-1-deficient tumor cells for 
6 h; however, further enhancement by adding chrysin was 
not observed at this time point. Among its various biological 
activities, chrysin has been shown to act as a histone dea-
cetylase inhibitor (HDACi) [39]. HDACi represses nuclear 
factor-kappa b targeting gene expression including survivin 
expression; in fact, chrysin was reported to decrease survivin 
expression in melanoma cells [40]. In the present study, 
chrysin significantly enhanced YM155-induced suppres-
sion of survivin expression especially inTTN45 cells, where 
an apparent decrease in survivin expression was seen after 
exposure to the combination of YM155 and chrysin for as 
short as 6 h. These results suggest that synergistic suppres-
sion of survivin expression underlies the anti-tumor effect 
of the combination of YM155 and chrysin in SMARCB1/
INI-1-deficient tumor cells.

In summary, our data suggest that survivin can be a thera-
peutic target in MRT and other SMARCB1/INI-1-deficient 
tumors. Chrysin, a dietary flavonoid, suppressed survivin 
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expression in concert with YM155. Considering poor bio-
availability of chrysin [41], these results are not applicable 
to clinic practice instantly, however, can provide important 
suggestions leading development of effective and less toxic 
therapy.
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