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Abstract

Background: Synovial sarcoma (SS) is an SS18‐SSX fusion gene‐driven soft

tissue sarcoma with mesenchymal characteristics, associated with a poor

prognosis due to frequent metastasis to a distant organ, such as the lung.

Histone deacetylase (HDAC) inhibitors (HDACis) are arising as potent

molecular targeted drugs, as HDACi treatment disrupts the SS oncoprotein

complex, which includes HDACs, in addition to general HDACi effects. To

provide further molecular evidence for the advantages of HDACi treatment

and its limitations due to drug resistance induced by the microenvironment in

SS cells, we examined cellular responses to HDACi treatment in combination

with two‐dimensional (2D) and 3D culture conditions.

Methods: Using several SS cell lines, biochemical and cell biological assays

were performed with romidepsin, an HDAC1/2 selective inhibitor. SN38 was

concomitantly used as an ameliorant drug with romidepsin treatment.

Cytostasis, apoptosis induction, and MHC class I polypeptide‐related sequence

A/B (MICA/B) induction were monitored to evaluate the drug efficacy. In

addition to the conventional 2D culture condition, spheroid culture was

adopted to evaluate the influence of cell‐mass microenvironment on

chemoresistance.

Results: By monitoring the cellular behavior with romidepsin and/or SN38 in

SS cells, we observed that responsiveness is diverse in each cell line. In the

apoptotic inducible cells, co‐treatment with SN38 enhanced cell death. In

nonapoptotic inducible cells, cytostasis and MICA/B induction were observed,

and SN38 improved MICA/B induction further. As a novel efficacy of SN38,

we revealed TWIST1 suppression in SS cells. In the spheroid (3D) condition,

romidepsin efficacy was severely restricted in TWIST1‐positive cells. We

demonstrated that TWIST1 downregulation restored romidepsin efficacy even
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in spheroid form, and concomitant SN38 treatment along with romidepsin

reproduced the reaction.

Conclusions: The current study demonstrated the benefits and concerns of

using HDACi for SS treatment in 2D and 3D culture conditions and provided

molecular evidence that concomitant treatment with SN38 can overcome drug

resistance to HDACi by suppressing TWIST1 expression.
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1 | INTRODUCTION

Synovial sarcoma (SS) is one of the rare aggressive
malignancies with a poor prognosis due to frequent
metastasis to distant organs, such as the lungs and liver
[1, 2]. It mainly occurs in adolescents and young adults.
SS is characterized by the SS18‐SSX1/2/4 fusion genes
derived from t(X;18) (p11.2; q11.2) translocation [1, 2].
The chimeric oncoprotein therefrom has been reported
to hijack BRG1‐ or BRM‐associated factor (BAF, also
known as mSWI/SNF) chromatin remodeling complex
and exert an oncogenic activity [3, 4]. In the current
study, it was etiologically thought that SS18‐SSX contain-
ing BAF complex broadly reprograms transcriptional
regulation, resulting in the initiation and progression of
SS tumors [3, 4]. Therefore, the SS18‐SSX fusion gene or
its product has been regarded as a critical molecular
target for SS treatment; however, despite several
attempts, SS18‐SSX targeted therapy has remained a
challenge or is still considered undruggable [5].

In current SS therapies, doxorubicin and ifosfamide
are administered in combination with surgery and
radiation [6]. However, due to their limited benefits,
the risk for recurrence and metastases in patients with SS
remains. In particular, higher drug resistance at the
metastatic site makes treatment difficult, resulting in
poor prognosis. Thus, additional drugs to treat SS would
be required. Histone deacetylase (HDAC) inhibitors
(HDACis) are prominent antitumor drugs owing to their
diverse effects, including cell‐cycle arrest, senescence,
and apoptosis in both normal and tumor cells [7–9]. For
SS treatment, an HDACi is considered one of the optimal
drug candidates, because a recent study has reported
HDAC to form a transcriptional complex with SS18‐SSX
[10]. The SS18‐SSX molecule can bind to the activating
transcription factor 2 (ATF2) and recruit Polycomb group
components, including HDAC, to ATF2 target promoters
via transducin‐like enhancer of split 1, resulting in the
repression of ATF2 target genes, such as tumor suppres-
sors, including early growth response 1, and activating

transcription factor 3 (ATF3). Indeed, a transcriptomic
study for HDACi in SS cells explained, in detail, that
HDAC inhibition induced upregulation of the cytostatic
factor, accumulation of ROS leading to reduction of
antioxidant factors (SOD1, 2), induction of immunologi-
cal antigen, including natural killer (NK) ligands MHC
class I polypeptide‐related sequence A/B (MICA/B) and
UL16 binding proteins (ULBPs), and upregulation of
apoptotic factors, such as BIK, thereby directing orches-
trated cell death [9]. Recent studies have suggested the
importance of natural killer cell immune surveillance in
soft tissue sarcoma suppression [11–14]; thus, MICA/B
and ULBPs induction properties of HDACi are particu-
larly noteworthy in this regard. However, despite the
valuable evidence from biomedical studies, no HDACi
has been approved for SS treatment yet.

The tumor microenvironment is a complex system.
Tumor cells are subjected to physical, chemical, and
biochemical influences, resulting in the promotion of
cell growth, differentiation, invasion, and drug resistance
[15, 16]. Historically, drug discovery screening has been
performed in two‐dimensional (2D) adherent culture
conditions. In such conventional conditions, the cells are
isolated, morphologically flattened, and are considered to
have altered intracellular functions, such as signaling
network, metabolism, and gene regulation, compared to
those in tumor tissues in patients. Thus, 2D culture
conditions are concerned to be an oversimplified condi-
tion for drug screening [17, 18]. To better reflect patients'
tumor condition in vitro, cell mass culture systems (3D
culture conditions), such as spheroids from the cell lines
and tumor organoids directly from patients' tumors, have
been studied in detail [18–20]. In 3D culture, the
architecture of cell–cell and cell–matrix interactions are
retained, and soluble factors, including oxygen, nutrients,
and low‐molecular‐weight chemicals, are diffused along a
concentration gradient. Indeed, drug screening with cancer
tissue‐originated spheroid, a kind of tumor organoid culture
system, demonstrated higher drug resistance than that in
2D culture and patient‐dependent responsibility [21–23].
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Thus, the 3D culture system is increasingly getting
recognized as better suited for drug testing, since the
conditions reflect more physiological cellular circumstances
in the tumor tissue.

TWIST1, a basic helix‐loop‐helix transcription factor, is
known to play crucial roles both in normal and tumor
conditions [24]. During embryogenesis, Twist1 appears in
the neural crest (NC) and triggers cell migration from there
by suppressing E‐cadherin [25]. It is also known to be a key
player in the stemness of mesenchymal stem cells [24].
In carcinoma, TWIST1 functions as an epithelial‐to‐
mesenchymal transition (EMT) factor and promotes
metastasis through the upregulation of multiple cellular
functions, such as motility, anoikis resistance, invadopodia
formation, and induction of matrix‐metalloproteases [24,
26]. In addition, TWIST1 has been shown to be one of the
key players in drug resistance against paclitaxel, cisplatin,
and fluorouracil, although its detailed mechanism is not
fully understood yet [27]. Therefore, TWIST1 is considered
a crucial molecular target in chemotherapy. In colorectal
cancer, TWIST1 expression was found to be correlated
with metastatic activity [28, 29]. Irinotecan and its
active metabolite form, SN38, have been studied as a key
chemotherapeutic drug for metastatic colorectal cancer
[30]. In the mouse model of osteosarcoma, lung metastasis
of LM8 cells was inhibited by irinotecan [31]. Interestingly,
the LM8 cell was reported to be TWIST1‐positive and its
parental cell line Dunn was TWIST1‐negative (our
unpublished data). The data suggested the possibility of
irinotecan/SN38 competing with TWIST1.

The function and regulation of TWIST1 in sarcoma
cells have been less investigated than in carcinoma cells.
One of the cell‐of‐origin of SS is suspected to be the
migrating mesenchymal cell from NC triggered by
TWIST1 expression since SS tends to develop in soft
tissues derived from NC cell lineages, such as ligaments
and muscles around the joint tissue in the arms and legs
[1, 2]. Consistent with this fact, some of the SS cell lines
were shown to have mesenchymal differentiation prop-
erties [32–35]. TWIST1 has also been shown to play
crucial roles in maintaining mesenchymal state and
tumor initiation properties in SS cells [36]; therefore,
TWIST1 is thought to be a pivotal molecule, although its
function and regulation in SS cells are yet to be fully
understood.

In this study, we observed diverse responses, includ-
ing drug resistance in response to HDACi treatment, in
2D and 3D culture systems; TWIST1 expression may be
responsible for the cause of HDACi resistance, especially
in 3D culture conditions. In addition, we reported
TWIST1 expression in SS cells to be suppressed by
SN38, leading to the re‐establishment of HDACi efficacy
even under 3D culture conditions.

2 | MATERIALS AND METHODS

2.1 | Chemicals and reagents

Romidepsin and trichostatin A (TSA; #58880‐19‐6)
were obtained from Cayman Chemical Co., SN38 was
purchased from Tocris Bioscience, poly‐(2‐hydroxyethyl
methacrylate) (poly‐HEMA; #P3932) was procured
from Sigma‐Aldrich, and PEI‐MAX (M.W. 40000)
(#24765‐100) was from Polysciences. Other general
chemicals and reagents were purchased from FUJIFILM
Wako Pure Chemical Industries, Sigma‐Aldrich, or
Nacalai Tesque.

2.2 | Cells

Aska‐SS and Yamato‐SS cell lines were gifted by Dr.
Norifumi Naka. HSSYII cell line was obtained from
RIKEN Cell Bank. SYO1 cell line was kindly provided by
Dr. Akira Kawai. The cells were maintained in Dulbecco's
modified Eagle medium (DMEM) supplemented with
10% (SYO1 and HSSYII) or 20% (Aska and Yamato)
fetal bovine serum (FBS) at 37°C in 5% CO2 and 100%
humidity. The 293FT cell line was purchased from
Thermo Fisher Scientific; they were maintained in
DMEM containing 10% FBS, 2 mM L‐glutamine,
sodium pyruvate, and nonessential amino acids at
37°C in 5% CO2 and 100% humidity.

2.3 | Quantitative RT‐PCR analysis

Total RNA was purified with TRIzol reagent and cDNA
was prepared using the PrimeScript RT Reagent Kit
(#RR037; Takara Bio). Quantitative RT‐PCR was per-
formed using the TB Green Premix Ex Taq II (#RR820;
TaKaRa Bio) and gene‐specific primer pairs in the CFX96
Touch Real‐time PCR system (Bio‐Rad Laboratories).
Sequences of the primer pair (Supporting Information:
Table 1) were obtained from the PrimerBank database
(https://pga.mgh.harvard.edu/primerbank/index.html).

2.4 | Hypoxic cultures

Hypoxia was generated using the BIONIX‐1 hypoxic
culture kit (Sugiyamagen) with an oxygen absorber
(AneroPack‐Aneaero; Mitsubishi Gas Chemical), ac-
cording to the manufacturer's protocol. The pO2 levels
were monitored with an oxygen concentration monitor
(OXY‐1; JIKCO). The hypoxically cultured SS cells
were immediately cooled down on ice and lysed with
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ice‐cold RIPA buffer to obtain whole‐cell lysates or
with TRIzol (#11596) (Thermo Fisher Scientific) for
RNA extraction.

2.5 | Spheroid cultures

The poly‐HEMA‐coated dishes were prepared as
described previously [34]. To allow spheroid formation,
the trypsinized cells were spread onto 10‐cm poly‐
HEMA‐coated dishes with 15mL of culture medium,
and the culture continued for up to 7 days. During
spheroid formation, the culture medium was replaced
every 2 days. For each assay, spheroids were transferred
into new 6‐cm poly‐HEMA‐coated dishes with 5mL of
fresh culture medium containing the drugs of interest.

2.6 | Western blot analysis

Antibodies used for western blot analysis are as
follows: anti‐MICA/B (#sc137242, 1:200; Santa Cruz
Biotechnology), anti‐Twist1 (#sc81417, 1:500; Santa Cruz
Biotechnology), anti‐MHC I (#sc55582, 1:500; Santa
Cruz Biotechnology), anti‐HIF1α (#610958, 1:1000; BD
Biosciences), anti‐acetyl‐histone H3 (Lys9) (#9649, 1:1000;
Cell Signaling Technology), and anti‐β−actin (#sc47778,
1:1000; Santa Cruz Biotechnology). Horseradish peroxidase‐
conjugated anti‐mouse IgG (#115‐035‐146, 1:2500) and anti‐
rabbit IgG (#711‐035‐152, 1:2500) were purchased from
Jackson ImmunoResearch. Western blot analysis was
performed according to the standard protocol described
previously [37].

2.7 | Immunofluorescence and
TUNEL assay

The spheroid was fixed with 10% formalin at 4°C and
embedded in paraffin according to the standard protocol.
The paraffin block was sectioned at 8‐µm thickness using
a microtome (Leica). Following deparaffinization, the
samples were incubated overnight in 20mM Tris‐HCl
(pH 9.0) at 70°C to retrieve the antigens. The samples
were treated with blocking reagent (Roche) solution (1%)
for 30min and then stained with primary antibodies of
interest in a moist box at 4°C, overnight, followed by
Alexa 555‐conjugated secondary antibody (ab150106,
1;500; Abcam) staining for 2 h at room temperature.
The TUNEL assay was performed with in situ cell death
detection kit (Sigma‐Aldrich), according to the manufac-
turer's protocol. The nuclei were counterstained with
Hoechst 33342 (1:1000; Thermo Fisher Scientific). The

fluorescent images were visualized and captured using
the Eclipse Ti fluorescence microscope (Nikon) and
NIS‐elements software (Nikon).

2.8 | Plasmid construction
and lentivirus generation

shRNA expression backbone vector pLKO.1puro plasmid
(#8453) was provided by Dr. Bob Weinberg via Addgene
[38]. The TWIST1 shRNAs were designed using the
Biosettia tool (https://biosettia.com/). The target
sequence oligos (Supporting Information: Table 1) were
annealed and inserted into the pLKO.1 puro plasmid
according to the protocol provided by Addgene. A
lentiviral packaging mixture (pLP1, pLP2, and pLP/
VSVG) was purchased from Thermo Fisher Scientific.
Lentivirus generation, infection, and selection by puro-
mycin were performed as described previously [39].

2.9 | Statistical analyses

All quantitative results are presented as the mean ±
standard deviation, unless specified otherwise. Group
pairs were compared by performing the two‐tailed
unpaired Student's t‐test in Microsoft Excel (Microsoft),
and the Statcel3 add‐in was used in Excel (OMS
Publishing). Statistical significance was set as p< 0.05.

3 | RESULTS

3.1 | HDAC expression profile and
cellular response to HDAC inhibition

A previous transcriptomic study revealed the systematic
efficacy of HDACi treatment in SS cells [9]. To further
analyze the cellular response of SS cells to HDACi, four SS
cell lines (Aska [biphasic, SS18‐SSX1], Yamato [biphasic,
SS18‐SSX1], SYO1 [biphasic, SS18‐SSX2], and HSSYII
[monophasic, SS18‐SSX1]) were examined. To see the
distribution of the HDAC family across SS cell lines,
quantitative real‐time polymerase chain reaction (qRT‐
PCR) analysis was performed (Figure 1a). HDAC2 was
found to be predominantly expressed followed by HDAC1,
and the expression patterns were very similar across the cell
lines. To examine the cellular response to HDAC inhibi-
tion, the SS cells were treated with romidepsin, a potent
HDAC1/2‐selective HDACi, under adherent culture (2D)
conditions. A lower concentration (20 nM) of romidepsin
was employed for the experiments, judged by the induction
of histone acetylation accumulation and the plateau of
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FIGURE 1 Differences in responsiveness among SS cell lines to romidepsin and SN38. (a) Expression profile of the HDAC family among
SS cell lines. mRNA of the HDAC family was semiquantitively observed by qRT‐PCR. Expression of HPRT1 was used as an internal standard
and normalized with respect to HDAC1 expression in Aska. (b) SS cells were treated with SN38 (1 μM), romidepsin (20 nM), or both for 24 h.
(c) qRT‐PCR results of cyclin‐dependent kinase inhibitors after treatment of romidepsin (20 nM) or/and SN38 (1μM) for 24 h. Expression of hprt1
was used as an internal standard. (d) Cleaved Caspase3 at 24 h posttreatment of romidepsin (20 nM) or/and SN38 (1 μM). The scale bar in
(b) represents 200 μm. HDAC, histone deacetylase; SS, synovial sarcoma.
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MICA/B induction to avoid excess side effects (Supporting
Information: Figure 1a). Here, SN38 was used as a
concomitant drug, because we found it to suppress the
expression of TWIST1, as shown below (Figure 3).

Although romidepsin‐induced cytostasis was observed
in all cell lines, cytotoxicity was seldom seen in Yamato. On
the other hand, significant cell death was observed in SYO1
and HSSYII (Figure 1b). SN38 induced cytotoxicity in Aska
and HSSYII, and mild cell death in SYO1. qRT‐PCR
analysis for cyclin‐dependent kinase inhibitors revealed
that CDKN1A (p21/WAF) was predominantly induced by
SN38 treatment while CDKN2A (p16/Ink4a) and CDKN2D
(p19/Ink4d) were predominantly induced by romidepsin
(Aska, SYO1, HSSYII), consistent with the findings of
previous transcriptomic study [9]. While CDKN1A induc-
tion by SN38 was mild, CDKN1C (p57/Kip2), but not
CDKN2A/D, was strongly induced in Yamato (Figure 1c).
Monitoring of Caspase3 cleavage revealed that romidepsin
or SN38 treatment can induce significant apoptosis in SYO1
and HSSYII, though not in Aska and Yamato (Figure 1d).
Concomitant treatment of these drugs synergized apoptosis
induction in SYO1 and HSSYII. Despite weak apoptosis
induction caused by concomitant treatment, Aska cells
seemed to have died (Figure 1b,d). A different cell death
pathway might be activated in Aska. Overall, despite the
similar HDAC expression profiles, cellular response to
romidepsin and SN38 was different in each cell line.
Although cytostasis by low‐dose romidepsin was observed
in all cell lines used, a significant cell death signature was
observed in two of the four cell lines, suggesting limited
direct cytotoxicity of romidepsin in SS cells.

3.2 | MICA/B induction by HDAC
inhibition and its enhancement with SN38

The efficacy of HDAC inhibition is not only exerted by
direct cytotoxicity but also by the induction of indirect
cytotoxicity‐related molecules. MICA/B, cell surface lig-
ands recognized by NKG2D receptor on NK cells, have
been reported to be induced by HDACi treatment in
several tumor cells, including SS cells [9, 40–43]. We
confirmed that romidepsin could induce MICA/B and IgG
expression similar to TSA, a kind of pan‐HDAC inhibitor
(Supporting Information: Figure 1b). Thus, we monitored
MICA/B induction as an index of HDAC inhibition
efficacy by romidepsin. Among the cell lines used,
MICA/B was naturally expressed only in Aska. Regardless
of the initial state of MICA/B expression, romidepsin
treatment induced MICA/B in all cell lines (Figure 2a).
Although SN38 did not have MICA/B induction activity,
concomitant treatment with romidepsin enhanced MICA/
B induction in Yamato. In SYO1 and HSSYII, the

concomitant treatment seemed to rather reduce MICA/B
expression at the protein level (Figure 2a). However, at the
mRNA level, enhanced induction of MICB, due to concomi-
tant treatment with SN38, was observed in both SYO1 and
HSSYII as well as in Yamato cells (Figure 2b). Considering
the cell death activity of these drugs in SYO1 and HSSYII,
the cells were likely to die before the induced MICA/B
mRNAwas fully translated to theMICA/B protein. Note that
MICA/B induction by romidepsin at the protein level was
milder in Yamato, compared to that in Aska, despite the
MICB induced by romidepsin in Yamato overcoming about
twice that naturally induced in Aska (Figure 2c). Since
TWIST1 is known to exhibit drug resistance activity in
multiple ways, and all SS cell lines except Aska displayed
strong TWIST1 expression (Figure 2d), we hypothesized that
TWIST1 interrupted MICA/B expression. To confirm this
idea, we adopted TWIST1‐knockdown cells. Yamato cells
were infected with shTWIST1‐expressing lentivirus and a
significant reduction of TWIST1 expression was confirmed
(Figure 2e). As expected, MICA/B induction by romidepsin
was strengthened in TWIST1‐knockdown cells (Figure 2f).
Taken together, concomitant treatment of romidepsin with
SN38 was found to enhance MICA/B induction, and
TWIST1 could interrupt MICA/B expression induced by
romidepsin in SS cells.

3.3 | TWIST1 suppression by SN38

As shown above, concomitant treatment with SN38
enhanced the effect of romidepsin on MICA/B induction.
Moreover, TWIST1 downregulation improved MICA/B
induction by romidepsin. Thus, we hypothesized that
SN38 may suppress the function of TWIST1. To address
this idea, at first, SS cells were treated with SN38, and
TWIST1 expression was monitored. As expected, SN38
was found to suppress TWIST1 expression in Yamato
(Figure 3a). Previous reports had demonstrated that
STAT3 inhibitor and NF‐κB inhibitor could suppress
TWIST1 expression in several carcinoma cells [44–46];
however, the drugs rather increased TWIST1 expression
in Yamato. Meanwhile, romidepsin treatment did not
affect TWIST1 expression (Figure 3b). To further confirm
that suppression of TWIST1 by SN38 is common in all SS
cell lines, SYO1 and HSSYII cells were treated with SN38
in a dose‐dependent manner. Indeed, SN38 suppressed
TWIST1 both in SYO1 and HSSYII (Figure 3c), indicating
that TWIST1 suppression by SN38 was conserved across
the SS cell lines. At the mRNA level, TWIST1 expression
was not reduced, and rather increased slightly in all cell
lines tested (Figure 3d), thereby suggesting that TWIST1
suppression by SN38 was not due to transcriptional
disruption but due to increased protein instability.
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FIGURE 2 MICA/B induction by romidepsin and its suppression by TWIST1. (a) MICA/B induction at 24 h posttreatment of
romidepsin (20 nM) or/and SN38 (1 μM) was monitored by western blot analysis. Expression strength was normalized with the
corresponding βActin band. Note that the significant spontaneous MICA/B expression was detected in Aska. (b) qRT‐PCR results of MICB

induction after treatment of romidepsin (20 nM) or/and SN38 (1 μM) for 24 h. Expression of HPRT1 was used as an internal standard.
(c) Comparison ofMICB induction by HDACi (TSA; 1 μM, romidepsin; 20 nM) between Aska and Yamato. Expression of HPRT1 was used as
an internal standard and normalized with respect to MICB expression in Yamato. (d) Expression profile of TWIST1 by western blot analysis
among SS cell lines. (e) Result of TWIST1 knockdown by shTWIST1 lentivirus infection. Yamato cells were infected with lentivirus carrying
indicated shRNA and the infected cells were selected with puromycin. (f) MICA/B induction by romidepsin (20 nM) in shTWIST1 expressed
Yamato cells. Expression strength was normalized with the corresponding βActin band. Statistical significance was determined by Student's
t‐test. **p< 0.01. HDAC, histone deacetylase; MICA/B, MHC class I polypeptide‐related sequence A/B; SS, synovial sarcoma;
TSA, trichostatin A.
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3.4 | Hypoxia in spheroids and
limitations of HDACi efficacy

Currently, 3D culture systems, such as spheroids and
organoids, are shedding light owing to their drug respon-
siveness being similar to that of tumor tissue in patients
[17–20]. Various cellular functions are known to be altered,
and cell‐mass autonomous microenvironments, such as
hypoxia, are known to appear in 3D conditions. To dissect
what happened in SS spheroids, immunofluorescence was
adopted. Indeed, a hypoxic area indexed by HIF1α expres-
sion was observed inside the Yamato spheroid (Figure 4a,
middle). Since TWIST1 is a direct transcriptional target of
HIF1α, its upregulation was detected in the matching area

inside the spheroid (Figure 4a, bottom). Further, since
TWIST1 is known to have antiapoptotic activity, the cells in
the hypoxic area seemed to better withstand apoptosis
induction in the Yamato spheroid than in the Aska spheroid,
as indicated by TUNEL staining (Figure 4b, bottom). On the
other hand, remarkable HIF1α stabilization was not
observed in the Aska spheroid (Figure 4a, top), and apoptotic
cells were detected from the shallow layer (Figure 4b, top).
Under hypoxia in 2D culture condition, TWIST1 upregula-
tion was observed in Yamato but not in Aska (Figure 4c).
Considering the induction of VEGF mRNA, another direct
HIF1α target, it was found to be well induced in 2D hypoxia,
although not significant in Aska spheroids (Figure 4d); this
indicated that Aska cells were still responsive to the hypoxic

FIGURE 3 TWIST1 suppression by SN38. (a) Yamato cells were treated with Niclosamide (2 μM), QNZ (1 or 10 μM), or SN38 (10 μM)
for 24 h and TWIST1 expression was monitored by western blot analysis. The expression strength of TWIST1 was normalized with the
corresponding βActin band. (b) Yamato cells were treated with SN38 at the indicated concentration without or with romidepsin (20 nM) for
24 h. C and Ro represent control (no treatment) and romidepsin, respectively. (c) SYO1 and HSSYII were treated with SN38 at the indicated
concentrations for 24 h. The expression strength of TWIST1 was normalized with the corresponding βActin band. (d) qRT‐PCR results of
TWIST1 expression at 24 h posttreatment of romidepsin (20 nM). Expression of HPRT1 was used as an internal standard.
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FIGURE 4 Enhanced romidepsin resistance triggered by TWIST1‐related microenvironments. (a) Immunofluorescent staining of
HIF1α and TWIST1 in Aska and Yamato spheroids. (b) Immunofluorescent results of TUNEL assay in Aska and Yamato spheroids.
(c) qRT‐PCR results of TWIST1 induction in Aska and Yamato under hypoxia condition for 48 h. Expression of HPRT1 was used as an
internal standard. (d) Comparison of qRT‐PCR results of VEGF induction between 2D and 3D condition (left) or between under normoxia
and hypoxia in Aska and Yamato cells (right). Expression of HPRT1 was used as an internal standard. (e) Comparison of MICA/B induction
by romidepsin at the indicated concentration (nM) between under the normoxia and hypoxia at the 2D condition in Aska (top) and Yamato
(bottom) cells. (f) MICA/B induction by romidepsin (20 nM) under the hypoxia 2D culture condition in shTWIST1‐expressing Yamato cells.
The scale bars in (a) and (b) represent 200 μm and 50 μm, respectively. MICA/B, MHC class I polypeptide‐related sequence A/B.
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condition, suggesting that TWIST1 in Aska cells was
epigenetically silenced. Collectively, cell‐mass autonomous
hypoxia seemed to be hard to maintain in TWIST1‐negative
Aska spheroids. To further address the effect of hypoxia on
the efficacy of HDACi, SS cells were treated with romidepsin
in a dose‐dependent manner under hypoxic conditions. As
expected, MICA/B was induced, even under hypoxia, to a
similar extent as under normoxia, in TWIST1‐negative Aska
cells (Figure 4e, top). In contrast, MICA/B induction was
limited under the hypoxic condition in TWIST1‐positive
Yamato cells (Figure 4e, bottom). This reduction was not
restored by an increment of romidepsin concentration from
5 to 100 nM. HIF1α stability was decreased by romidepsin in
a dose‐dependent manner, consistent with a previous report
[47]. To check whether TWIST1 knockdown rescued MICA/
B induction even under hypoxia, shTWIST1‐expressing
Yamato cells were treated with romidepsin under hypoxia,
and the above was confirmed (Figure 4f). Taken together,
hypoxia‐induced TWIST1 was considered to interrupt the
efficacy of romidepsin.

3.5 | Restoration of HDACi efficacy by
SN38 in spheroid form

The above data raised concerns regarding the limitation of
the efficacy of HDACi in the 3D culture condition due to
microenvironmental influences, such as hypoxia coordi-
nated by TWIST1. The effect of romidepsin was severely
restricted in the TWIST1‐positive Yamato spheroid, as
judged by an increment of Acetyl‐H3 (Figure 5a, left).
Consistently, MICA/B induction was found to be very
weak. In contrast, romidepsin treatment was relatively
effective in TWIST1‐negative Aska spheroid (Figure 5a,
right). To estimate romidepsin interruption efficacy at each
culture condition, the induction of MICA/B protein and
mRNA was semiquantitatively observed (Figure 5b). In
Aska cells, romidepsin induced MICA/B expression to the
same extent even under hypoxia, and approximately 80% in
spheroid condition (Figure 5b, top‐left). The mRNA
induction of MICA was almost consistent with the protein
result (Figure 5b, top‐right). In Yamato cells, MICA/B
expression was reduced to approximately 50% under
hypoxia, and approximately 10% in spheroid condition,
compared to that under 2D culture condition (Figure 5b,
bottom‐left). Similar to protein data, MICA mRNA induc-
tion was restricted under hypoxia and in spheroid
conditions in approximately the same proportion
(Figure 5b, bottom‐right). Compared to that under hypoxia,
the restriction of MICA/B induction was more severe in
the spheroid condition in both cell lines. It suggested the
existence of additional restriction mechanisms in the
spheroid condition. Importantly, the severe restriction of

MICA/B induction by romidepsin in spheroid condition
was restored in TWIST1‐knockdown spheroid (Figure 5c),
indicating TWIST1 as a dominant interrupter of romidepsin
in spheroid condition. The data raised the expectation that
SN38 could release the interruption against romidepsin in
spheroid form as well. To confirm the same, Yamato
spheroid was treated with romidepsin accompanied by
SN38. As expected, concomitant SN38 treatment restored
the limited MICA/B induction by romidepsin in spheroid
condition (Figure 5d, left). Moreover, the restoration of
romidepsin efficacy by SN38 was confirmed at the MICA
induction level (Figure 5d, right). Taken together, concomi-
tant treatment of SN38 with romidepsin was expected to
overcome the drug resistance triggered by cell‐mass
autonomous hypoxia mediated by TWIST1.

In summary, we demonstrated that romidepsin
efficacy was restricted by TWIST1; however, it was
restored by concomitant SN38 treatment via TWIST1
suppression. The microenvironment in cell‐mass condi-
tion could induce HDACi resistance through TWIST1
upregulation. The combinatorial usage of these drugs
overcame the restriction of HDACi in the spheroid
condition, suggesting the potential of improving HDACi
treatment in patients with SS (Figure 6). Our data
encouraged the trial for HDACi accompanied by SN38/
irinotecan in patients with SS.

4 | DISCUSSION

Chemotherapy for patients with SS using conventional
cytotoxic drugs offers limited benefits and retains the risk
of recurrence and metastasis. As SS18‐SSX is known to
form a complex with HDAC, HDACi is considered a
prominent molecular targeted drug candidate for SS
treatment. The milestone study of HDACi transcriptomic
analysis in SS cells verified its orchestrated cytotoxic
efficacy in SS cells [9]. Consistent with that report, our
cellular and biochemical response‐based analysis dem-
onstrated similar efficacy of HDACi with diverse
molecular responses. HDACi treatment induced cytos-
tasis in all cell lines used, with different CDKN
expression patterns, thereby suggesting that the character
of the responsiveness of the cells against HDACi is not
uniform. A definitive apoptotic response against romi-
depsin was observed only in SYO1 and HSSYII cells.
Conversely, remarkable MICA/B induction was observed
in Aska and Yamato cells. In the experimental context,
MICA/B induction by HDACi could be seen as a
compensational drive in case of dysfunction of apoptosis
induction. Since the NK cell immunosurveillance system
plays a pivotal role in the defense mechanism for
sarcoma suppression, the MICA/B induction activity of
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FIGURE 5 Restriction of romidepsin efficacy in spheroid and its restoration by SN38. (a) Monitoring of romidepsin efficacy on MICA/B
induction in the spheroid form of Aska (right) and Yamato (left). Acetyl‐H3 (Lys9) was observed as an index of HDAC inhibition.
(b) Comparison of MICA/B induction efficacy of romidepsin (20 nM) for 24 h among normoxia, hypoxia, and spheroid conditions. The
expression strength of MICA/B (left) was normalized with the corresponding βActin band and that in normoxia was set as standard. The
expression of MICA mRNA was semiquantified by qRT‐PCR and normalized with respect to MICA expression under normoxia conditions.
HPRT1 was used as an internal standard. (c) shTWIST1‐expressing Yamato‐spheroid was treated with romidepsin (20 nM) for 24 h. The
expression strength of MICA/B was normalized with the corresponding βActin band and that in parental Yamato‐spheroid was set as
standard. (d) Yamato‐spheroid was treated with romidepsin (20 nM) without or with SN38 at the indicated concentration. The expression
strength of MICA/B (left) was normalized with the corresponding βActin band and that in romidepsin single treatment was set as standard.
The expression of MICB (right) was semiquantified by qRT‐PCR and normalized with respect toMICB expression in no treatment was set as
a standard. HPRT1 was used as an internal standard. Statistical significance was determined by Student's t‐test. **p< 0.01; *p< 0.1.
HDAC, histone deacetylase; MICA/B, MHC class I polypeptide‐related sequence A/B.
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HDACi may be one of the important benefits of the
treatment. Moreover, we demonstrated that combinato-
rial usage of SN38 with romidepsin enhanced the MICA/
B induction activity of romidepsin and allowed it to
penetrate romidepsin even in cell‐mass conditions, in
which usage of romidepsin alone was less effective. The
data suggested the HDACi efficacy on drug‐resistant
tumor sites, such as recurrence and metastatic lesions is
worried to be spawned. However, human NKG2D
ligands, namely MICA/B and ULBP1‐6, are not con-
served between humans and mice, due to which NK cells
in mice do not recognize these molecules, and it would
be limited to evaluating the substantial benefit of HDACi
treatment via NK cell immune surveillance system in the
xenograft animal model. Fine‐tuned animal studies, such
as using an NK cell‐humanized mouse model, might be
helpful in evaluating the substantial benefit of HDACi in
SS treatment. On the other hand, the latest study
reported that the HDACi Panobinostat (also known as
LBH589) could enhance NK cell cytotoxicity in soft tissue
sarcoma treatment [11–14] thereby suggesting that the
HDACi treatment causes upregulation of both host and
guest sensitivities in NK immunosurveillance system.
Taken together, HDACi was considered to have great
potential for suppressing SS directly as well as indirectly
via the NK cell immune system. Optimized bedside
studies, focused on not only direct cytotoxicity but also
indirect cytotoxicity, would reveal the precise evidence of
HDACi treatment for patients with SS.

Despite strong TWIST1 expression, substantial sensi-
tivity to romidepsin was different across Yamato, SYO1,
and HSSYII. One possibility for producing different
responses to romidepsin is the retention of stemness.
The relationship between cancer cell stemness and drug
resistance is already known and upregulation of TWIST1
has been shown to link the properties through EMT in
carcinoma. Yamato cells have been demonstrated to
differentiate into multiple mesenchymal lineage cell
types [32–35]. Consistent with that, Yamato cells showed
remarkable drug resistance against romidepsin, espe-
cially in spheroid form. Furthermore, Aska cells, which
have stemness without significant TWIST1 expression,
did not show remarkable drug resistance even in

spheroid form. The data implied that simple TWIST1
expression was not significant for drug resistance against
romidepsin. Taken together, TWIST1 expression accom-
panied by stemness characteristics was thought to
possibly be necessary for drug resistance against romi-
depsin in SS cells. In the cell kinetics model of cancer
chemotherapy, drug‐sensitive cells are considered to be
immediately killed while less sensitive cells, such as
cancer stem cells, tend to survive; recurrent or metastatic
sites developed from that cell population could have drug
resistance, leading to difficulties in chemotherapy [48].
Therefore, declining stemness and/or TWIST1 suppres-
sion could be an important approach to overcoming drug
resistance in SS treatment. Thus, the importance of
SN38/irinotecan in SS treatment should be emphasized,
even if it did not show significant direct cytotoxic
efficacy. On the other hand, the number of Aska cells
seemed to be decreased by concomitant treatment of
SN38 and romidepsin, despite a weak apoptotic index
judged by cleavage of Caspase3. Since HDACi has been
shown to increase intracellular ROS by upregulation of
NADPH oxidase activity [9], ferroptosis could be another
possibility. Ferroptosis is a type of iron‐dependent cell
death characterized by lipid peroxide accumulation
triggered by ROS. For an in‐depth understanding of the
entire HDACi efficacy in antitumor action, further
molecular‐dissection analysis would be required.

The concomitant use of multiple drugs could
potentiate drug effects through a variety of mechanisms.
Practically and clinically, many drugs have been tried
with HDACi in lymphomas, myelomas, and several solid
tumors [49]. Irinotecan, a topoisomerase I inhibitor, is
one of the major conventional antitumor drugs. It has
been widely applied to multiple solid tumors and is
getting widespread attention recently in the treatment of
pediatric sarcomas, such as Ewing sarcoma and rhabdo-
myosarcoma [50]. To date, there has only been little
evidence of SN38/irinotecan being effective against SS. In
some publications, combinatorial usage of SN38/irinote-
can with HDACi in colon cancer has been reported, and
the synergistic antitumor effects have been demonstrated
both in vitro and in vivo [51, 52]. In the current study, we
demonstrated that co‐treatment with SN38 improved the
efficacy of HDACi via TWIST1 suppression in SS cells.
Although irinotecan/SN38 is a topoisomerase I inhibitor,
whether TWIST1 is a direct target of SN38 and whether
TWIST1 expression is suppressed via sumoylation, seen
in topoisomerase I inhibition or other mechanisms
involved, have not been dissected yet. To optimize drug
efficacy, dissecting the molecular mechanisms under-
lying TWIST1 suppression by SN38 would be required. In
another aspect, TWIST1 inhibitory activity itself repre-
sents a very important potential to suppress tumor

FIGURE 6 Summary of combinatorial treatment of SN38 with
romidepsin.
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malignancy, besides enhancing HDACi efficacy, since
TWIST1 plays a crucial role in metastasis in various
tumor types. In SS, the detailed function of TWIST1 for
metastasis is not well dissected yet. Given that TWIST1 is
closely associated with metastasis in several types of
sarcomas [53, 54], it is assumed to play a crucial role in
the metastasis of SS. Thus, TWIST1 suppression by SN38
would be expected to suppress metastasis in SS as well. In
that context, the metastatic loci in distant organs could
be developed from TWIST1‐positive cells migrated from
the primary lesion through the bloodstream, suggesting
the potency of drug resistance by TWIST1. Consistent
with this finding, the metastatic loci are known to
develop drug resistance; thus, concomitant treatment
with SN38 is expected to reduce the drug resistance
through TWIST1 suppression. Further study focused on
metastasis inhibition with SN38 would be valuable in the
future, and we plan to conduct such as study in a future
project. Although TWIST1 suppression was a novel
function of SN38, we tested that only in SS cell lines.
To determine whether the application of SN38 is limited
to SS cells or whether it can be applied to various
sarcoma types, we plan to conduct a sarcoma‐wide
screening with cell lines and organoid lines in the future
[55, 56].

Recently, drug screening with 3D culture systems has
been shed light because it is thought that oversimplified
cellular characteristics in the conventional 2D culture
system could be more susceptible to drugs than in tumor
tissues of patients. Indeed, we found severe romidepsin
resistance in Yamato spheroids. TWIST1 expression was
enhanced following HIF1α stabilization, since the
TWIST1 gene is one of the direct targets of HIF1α,
indicating that more accurate drug resistance assessment
would be required under 3D culture conditions, such as
spheroids and tumor organoids. Of course, the conven-
tional 2D culture system has an advantage in various
situations, such as automated drug screening tests and
simplicity of operation. On the contrary, the 3D culture
system has disadvantages in the requirement of specific
culture materials and in terms of the difficulties in cell
mass preparation owing to the shortage of cell lines and
lack of spheroid‐forming ability in the sarcoma study
field. To circumvent such limitations, various types of
sarcoma organoids, including SS, are being established
from patients' specimens based on sarcoma‐optimized
protocol [55, 56]. To accelerate the drug test and drug
screening for sarcoma treatment, a combined approach
of 2D and 3D culture systems would be crucial.

In this study, four SS cell lines were analyzed. Aska
and Yamato cells were more resistant to romidepsin
compared with SYO1 and HSSYII despite having a
similar HDAC expression profile. The previous study

revealed that both Aska and Yamato cells retained
stemness and the potential to differentiate into multiple
cell lineages [33, 34]. Generally, the stemness and drug
and apoptotic resistance are thought to be linked
although their mechanisms are not fully understood
[57]. Thus, the higher drug and apoptotic resistance in
Aska and Yamato may be explained, in part, by the
property of stemness. The four SS cell lines also showed
different sensitivity against SN38. Diverse pathways are
known for SN38/irinotecan resistance in tumor cells [37],
but it remains unclear as to which pathway is working in
SS cells. The link between stemness and higher drug
resistance in tumor cells is a well‐known phenomenon.
As Aska and Yamato cells have been shown to have stem
cell properties, the drug resistance mechanism against
SN38, such as the ABCC1 transporter (also known as
MRP1), may be activated in these cells.

5 | CONCLUSIONS

In conclusion, our study provided beneficial evidence
of concomitant treatment of romidepsin with SN38 for
SS cell treatment and discussed the concerns regarding
the limitations in drug tests under 2D conditions.
Application of the 3D culture system, such as spheroids
and organoids, would improve drug tests for SS
treatment.
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