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Abstract: Trabectedin is used for the treatment of advanced soft tissue sarcomas (STSs). In this
study, we evaluated if trabectedin could enhance the efficacy of irradiation (IR) by increasing the
intrinsic cell radiosensitivity and modulating tumor micro-environment in fibrosarcoma (HS 93.T),
leiomyosarcoma (HS5.T), liposarcoma (SW872), and rhabdomyosarcoma (RD) cell lines. A significant
reduction in cell surviving fraction (SF) following trabectedin + IR compared to IR alone was observed
in liposarcoma and leiomyosarcoma (enhancement ratio at 50%, ER50: 1.45 and 2.35, respectively),
whereas an additive effect was shown in rhabdomyosarcoma and fibrosarcoma. Invasive cells’ fraction
significantly decreased following trabectedin + IR compared to IR alone. Differences in cell cycle
distribution were observed in leiomyosarcoma and rhabdomyosarcoma treated with trabectedin + IR.
In all STS lines, trabectedin + IR resulted in a significantly higher number of y-H2AX (histone
H2AX) foci 30 min compared to the control, trabectedin, or IR alone. Expression of ATM, RAD50,
Ang-2, VEGEF, and PD-L1 was not significantly altered following trabectedin + IR. In conclusion,
trabectedin radiosensitizes STS cells by affecting SF (particularly in leiomyosarcoma and liposarcoma),
invasiveness, cell cycle distribution, and y-H2AX foci formation. Conversely, no synergistic effect
was observed on DNA damage repair, neoangiogenesis, and immune system.

Keywords: soft tissue sarcoma; trabectedin; radiation; radiosensitizers

1. Introduction

Soft-tissue sarcomas (STSs) are a heterogeneous group of tumors that arise from mes-
enchymal cells, encompassing over 50 different histologic subtypes. Despite their rarity,
STSs pose a significant health problem due to their aggressive behavior and poor prognosis,
with 55% overall survival at 5 years and limited effective therapeutic options [1]. In patients
affected by the advanced stage of the disease, the current standard of care is chemotherapy,
which includes drugs such as dacarbazine, doxorubicin, epirubicin, ifosfamide, gemc-
itabine, and taxanes, with only few novel agents approved in the last 30 years [1]. Hence,
the development of novel, effective treatment strategies represents a huge clinical challenge.
Among the new generation of drugs available in this setting, trabectedin (Yondelis®) is
approved for the treatment of adult patients with advanced STS who are unsuitable for or
progressing after anthracycline-based chemotherapy [2]. This compound presents a multi-
faceted mechanism of action affecting several key processes in both tumor cells and the
microenvironment. On a cellular scale, trabectedin directly interacts with DNA to modulate
gene expression through transcription inhibition, resulting in a potent cytotoxic effect [3].
Moreover, trabectedin exerts a significant influence on the tumor microenvironment (TME),
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inducing a downregulation in the expression of pro-inflammatory and pro-angiogenetic
cytokines such as IL-6, angiopoietin 2 (Ang-2), and vascular endothelial growth factor
(VEGF) [4]. It has also been proposed that trabectedin may alter the phenotypic pro-
file of immune-resident cells, selectively reducing both monocytes and tumor-associated
macrophages (TAMs), a population of macrophages involved in tumor immune evasion [5],
in treated tumors. Moreover, trabectedin activity on TAMs may cooperate with immune
checkpoint inhibitors directed toward programmed death-ligand 1 (PD-L1) to re-establish
immune surveillance according to recent reports [6]. In summary, trabectedin may combine
direct cytotoxic activity toward cancer cells with the peculiar capacity to favorably modify
the TME and potentially counterbalance tumor-related immunosuppression. Trabecte-
din has been shown to enhance the cytotoxic effect of IR in preclinical models of solid
tumors [7,8]. In vitro studies suggested an intrinsic radiosensitizing activity of trabectedin
possibly linked to effects on cell cycle progression. Interestingly, trabectedin mainly targets
DNA through the constitution of adducts that mimic interstrand cross-links, triggering the
formation of DNA strand breaks during the processing by the DNA repair machinery [9].
The cytotoxic activity of trabectedin may be influenced by DNA damage repair pathways
such as nucleotide excision repair (NER) and homologous recombination (HR) involved in
radiation-induced lesion recognition. Indeed, trabectedin exhibits reduced efficacy in cells
deficient in NER, while it is more potent in homologous-recombination-deficient cells [10].
However, a possible synergistic effect of combined IR and trabectedin has not yet been
demonstrated in vitro. Similarly, it is unknown whether trabectedin-induced TME modifi-
cation may increase response to radiotherapy by abolishing TAMs-related radioresistance
and modulating angiogenesis to a normoxic vascular architecture.

In this study, we hypothesize that trabectedin could enhance the efficacy of IR by
increasing cell radiosensitivity and modulating the tumor vascular and immune micro-
environment in STS in vitro models. In order to assess variability among different sarcoma
subtypes, we performed our experiments on different STS human cell lines, representing
four different subtypes.

2. Results
2.1. Trabectedin Is Cytotoxic in the Low Nanomolar Range in STS Cells
We found that the IC50 of trabectedin was 1.296 nM for LMS, 0.6836 nM for LPS,

0.9654 nM for RMS, and 0.8549 nM for FS. Then, cell viability is reported as a percentage
versus the control (Figure 1).
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Figure 1. Evaluation of the cytotoxic effect of trabectedin in STS cell lines. An MTS assay was used

to determine cell viability of rhabdomyosarcoma RD (A), liposarcoma SW872 (B), leiomyosarcoma
HS5.T (C), and fibrosarcoma HS 93.T (D) cells treated with trabectedin.

2.2. Trabectedin Improves Cytotoxic Effect of IR

Among all the STS cell lines, LMS and LPS showed a significant reduction of SF
after trabectedin + IR compared to IR alone, both at 4 Gy and 6 Gy (Figure 2). LMS
showed the highest significant radiosensitization with an ER50 of 2.35, whereas LPS showed
an ER50 of 1.45. Both FS and RMS did not show a significant difference in SF when
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treated with trabectedin + IR compared to control. The observed SF in the combined
treatment of trabectedin + IR in LMS and LPS cells was significantly lower than the
expected SF, suggesting a synergistic effect between trabectedin and IR on clonogenic cell
death. Conversely, RMS and FS showed an additive effect (Figure 3).
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Figure 2. Evaluation of surviving fraction after irradiation with increasing doses in rhabdomyosar-
coma RD (A), liposarcoma SW872 (B), leiomyosarcoma HS5.T (C), and fibrosarcoma HS 93.T (D) cell
lines, respectively, the control, pretreated with trabectedin, were irradiated with 0-6 Gy. Surviving
fraction is shown as the mean + SEM. * p < 0.05 vs. the control.
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Figure 3. Trabectedin (trb) combined with radiation-induced synergistic effect in leiomyosarcoma
(HS5.T) and liposarcoma (SW872) cells. (A) Leiomyosarcoma HS5.T. (B) Liposarcoma SW872. Ob-
served combination: surviving fraction observed after irradiation (IR) with trabectedin (trb) treatment.
Expected combination: surviving fraction calculated as the product of the surviving fractions ob-
served after treatment with trabectedin or radiation alone. Data are shown as the means + SEM.
* p < 0.05 vs. the expected surviving fraction. Ctrl: control.

2.3. Trabectedin Significantly Reduces Invasiveness Caused by IR

All STS cell lines showed a markedly reduced invasion capability, expressed as
a significant reduction in invasive cell count, when treated with trabectedin alone or
trabectedin + IR compared to the control. Moreover, a statistically significant reduction of
invasive cells in the trabectedin + IR sample compared to IR alone was observed. Further-
more, all STS cell lines showed a higher number of invasive cells in IR alone compared
to trabectedin alone, although the number of invasive cells was significantly lower than
the control. Interestingly, in LMS, radiation did not significantly decrease the number of
invasive cells compared to the control; yet, the addition of trabectedin + IR significantly
reduced the number of invasive cells (Figure 4 and Supplementary Figure S1).
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Figure 4. Invasion assay in STS cell lines. The matrigel cell invasion assay was performed in each STS cell line after irradiation (IR) and/or in the presence of
trabectedin (trb). Columns: capability of invasion reported in % (left) and at 24 h (middle), quantification of 595 nm with a plate reader (right) for rhabdomyosarcoma
RD (A), liposarcoma SW872 (B), leiomyosarcoma HS5.T (C), and fibrosarcoma HS 93.T (D) * p < 0.05 vs. control, # p < 0.05 vs. trb, $ p < 0.05 vs. IR.
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2.4. Trabectedin Affects Cell Cycle Progression of STS Cells

Trabectedin alone showed a non-specific perturbation in the cell cycle progression
profile in FS and RMS, whereas it seemed to have no effect in LPS and LMS compared to
the control. In IR alone, we observed a slight increase (5%) of the cells in the G2/M phase
in RMS and FS. Interestingly, we found a strong increase (+20%) of G2/M-phase cells in IR
alone in LPS compared to the control, suggesting an enhanced cell cycle arrest in the G2/M
phase. Instead, LMS treated with IR alone did not change the cell cycle profile compared
to the control. Trabectedin + IR treatment showed a significant reduction in G2/M-phase
cells in both LMS and RMS, whereas in LPS, it was associated with a modest increase,
although inferior to IR alone. In FS, the combined treatment seemed not to modify cell
cycle redistribution (Figure 5).
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Figure 5. Cell cycle progression in response to trabectedin. Representative flow cytometry analysis
showing cell cycle progression in each STS cell line after treatment with trabectedin and/or 4 Gy.
(A-D) Rhabdomyosarcoma RD, liposarcoma SW872, leiomyosarcoma HS5.T, and fibrosarcoma HS
93.T cells, respectively. Analysis was performed by quantifying DAPI nuclear staining using flow
cytometry. DNA content and the number of events were analyzed 24 h after treatment. Relative
percentage in the G0/G1, G2/M, and S cell phases are plotted after FACS analysis. (E) Relative per-
centage in the G0/G1, G2/M, and S cell phases are plotted after FACS analysis (* p < 0.05 vs. control,
#p <0.05 vs. trabectedin, $ p < 0.05 vs. irradiation).

2.5. Trabectedin Combined with IR Significantly Increased the Number of y-H2AX Foci

In all the STS cell lines, 30 min after irradiation, a significantly higher intensity of
fluorescence emitted by y-H2AX foci was observed following trabectedin + IR as compared
to the control, trabectedin, and IR alone. In LPS and RMS treated with IR alone, the
number of foci significantly increased 30 min after treatment and decreased over time. In
all cell lines, the number of foci decreased in all the treatment groups over time. However,
24 h after treatment, the intensity of the fluorescence emitted by the y-H2AX foci in the
trabectedin + IR group was still significantly higher as compared to the control, suggesting
a recovery control (Figure 6 and Supplementary Figure S2).
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Figure 6. Trabectedin significantly increased the mean immunofluorescence emitted by y-H2AX
foci in irradiated rhabdomyosarcoma RD (A), liposarcoma SW872 (B), and leiomyosarcoma HS5.T
(C) cell lines. The mean y-H2AX immunofluorescence is reported as a percentage of the control and
shown as the mean 4= SEM. * p < 0.05 vs. control (ctrl); # p < 0.05 vs. trabectedin (trb); $ p < 0.05 vs.

irradiation (IR).



Int. J. Mol. Sci. 2022, 23, 14305

10 of 18

2.6. Trabectedin Combined with IR Affects the Expression of DNA Damage Response Proteins,
Angiogenic Factors, and Immune Checkpoint Proteins

In LMS, 30 min after IR, ATM and RAD50 expression significantly increased in IR alone
and trabectedin + IR as compared to the control and trabectedin alone. After 1 h and 2 h of
treatment, ATM significantly decreased in IR and trabectedin alone, as compared to control.
At these two time points, RAD50 did not show significant changes. Conversely, 24 h after
treatment, RAD50 expression significantly decreased in IR alone compared to the control,
whereas no variations in ATM levels were observed. In LPS, ATM expression did not show
significant changes at the different time points, whereas RAD50 significantly increased
30 min after treatment in trabectedin alone, radiation, and trabectedin + IR compared to the
control. Therefore, radiation might induce DNA repair response immediately after 30 min
of treatment and decrease over time. In LMS, VEGF expression significantly decreased
in trabectedin and IR alone compared to control 2 h after treatment, whereas Ang-2 did
not change. Twenty-four hours after treatment, both VEGF and Ang-2 were lower than
the control, although VEGF expression significantly increased compared to the outcomes
observed after 2 h of treatment. In the presence of trabectedin + IR, no modifications were
observed in both VEGF and Ang-2 compared to the control. In LPS, VEGF did not undergo
changes in expression, whereas Ang-2 significantly increased 24 h after treatment in IR alone
and trabectedin + IR compared to control and significantly decreased in trabectedin + IR
compared to IR alone. In LMS, a significant decrease in PDL1 was observed 24 h after
treatment with trabectedin and IR alone compared to the control. In LPS, only trabectedin
determined a decreased expression of PD-L1 compared to the control (Figure 7).
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Figure 7. Trabectedin affects protein expression in leiomyosarcoma HS5.T (A) and liposarcoma SW872 (B). Western blot analysis of the expression of ATM, RAD50,
VEGF, Ang-2, and PDL-1 in leiomyosarcoma (HS5.T) and liposarcoma SW872 cells treated with the vehicle (control, ctrl), 4 Gy irradiation (IR) alone, or with
trabectedin (Trb), respectively. GAPDH and STAT1 were used as loading controls. Data reported as the percentage versus the respective control (set at 100) are
shown as the mean + SEM. * p < 0.05 vs. control, # p < 0.05 vs. trabectedin, $ p < 0.05 vs.IR.
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3. Discussion

In this study, we observed that trabectedin might enhance the efficacy of IR in preclini-
cal models of STS. Several studies showed the effects of trabectedin as a single agent or in
combination with other molecules [11,12]. The SF of eight human cell lines treated with
trabectedin was significantly lower as compared to other clinically used chemotherapy
agents, such as methotrexate, doxorubicin, etoposide, and paclitaxel, with IC50 values of
trabectedin in picomolar ranges [13]. D'Incalci et al. reported synergistic activity of trabecte-
din with cisplatin [14], while Takahashi et al. [15] evaluated the combination of trabectedin
with doxorubicin, trimetrexate, and paclitaxel in FS and LPS cell lines, reporting a cytotoxic
activity of trabectedin alone in these cell lines and a synergistic effect with doxorubicin.
These results have been translated in a recent phase II trial LMS-02 study (NCT02131480),
which tested the combination of doxorubicin and trabectedin as the first-line systemic
treatment for metastatic LMS, prompting a phase III trial comparing doxorubicin with
or without trabectedin [16]. However, few data are available concerning the interaction
between IR and trabectedin. Simoens et al. [17] reported a moderate increase in radiosensi-
tivity in three (ECV304, H292, and CAL-27) out of four solid tumor cell lines treated with
cytotoxic concentrations of trabectedin 24 h before radiation, correlated to a concentration-
dependent G2/M blockade. Romero et al. [8] assessed the potential radiosensitizing effect
of trabectedin on different solid tumor cell lines, determining a dose enhancement factor
(DEF) of 1.92 and 1.77 at the IC50 dose level, respectively, in DU145 prostate cancer cells
and HeLa ovarian cancer cells. A recent study reported increased YH2AX foci detection in
in vitro models of lung and colon cancer [7]. Put together, these data might suggest that
the synergistic activity of trabectedin and IR is found across different tumor types and may
be partially explained by the synchronization of the cell cycle in a radiosensitive phase,
resulting in a direct increase of DNA damage.

Focusing on STS, no published study to our knowledge specifically explored the
interaction between IR and trabectedin in sarcoma cell lines, except for preliminary data
presented at the 2017 Congress of the American Society for Radiation Oncology (ASTRO):
in their poster, Jarboe et al. reported a cell-cycle-dependent radiosensitization in the
leiomyosarcoma cell line SK-LMS-1, although this was not observed in the liposarcoma cell
line SW872 [18]. Interestingly, clinical trials are already testing concurrent trabectedin-based
chemoradiation in patients affected by STS [19,20]. Hence, advancement in translational
research is urgently required to identify the most rational combination of drug and radiation
dose and to identify disease subtypes that are expected to draw a higher benefit.

In this study, we investigated in vitro if trabectedin could enhance radiotherapy by
modulating cell radiosensitivity and the biological behavior of different STS human cell
lines, particularly in regard to cell cycle progression, invasiveness, DNA damage onset and
repair capability, proangiogenic cytokine release, and immunosuppressive protein expres-
sion. Considering the heterogeneity in response to treatment across different histological
subtypes, four STS subtypes were included in our study.

We found that the addition of trabectedin to radiation induced a significant reduction
of SF in an in vitro model of different human STS subtypes, with a synergistic effect in LMS
and LPS, respectively, at 4 Gy and 6 Gy, whereas RMS and FS showed an additive effect.
The number of invasive cells was significantly reduced when treated with trabectedin alone
or combined with radiation compared to the control, suggesting that a combined treatment
of trabectedin + IR could counteract a possible influence of radiation in determining the
onset of more aggressive tumor clones, as described by some authors [21].

Cell cycle analysis yielded different results according to the STS cell line. Trabectedin
induced cell cycle perturbations in FS and RMS. The combination of trabectedin + IR
affected cell cycle distribution only in LMS and RMS. These results suggest that trabectedin
induces variable effects on the cell cycle depending on the STS subtype, suggesting that the
radiosensitizing effects may not be completely explained by an increase in G2/M blockade.

In all four analyzed cell lines, 30 min after irradiation, the combination of trabectedin + IR
resulted in a significantly higher y-H2AX foci detection compared to control, trabectedin,
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and IR alone. After 24 h of treatment, y-H2AX foci detection in the combined treatment
decreased, but remained significantly higher compared to the control, thus suggesting a
recovery mechanism.

ATM and RADS5O0 are both crucial upstream regulators of cellular cycle checkpoints
and DNA repair response. ATM is an ionizing-radiation-activated protein kinase that
signals DSBs in mammalian cells by phosphorylating and activating proteins involved in
cell cycle checkpoint responses, such as p53 and BRCA1 [22]. RAD50 belongs to the MRN
complex (Mrell/Rad50/Nbs1) required for cellular responses to DSBs and normal S-phase
checkpoint function in mammalian cells. The DNA damage response is highly regulated,
and the order in which ATM and MRN act in the early phase of the DSB response is still un-
clear. The MRN complex acts both upstream and downstream of ATM. The MRN complex
rapidly identifies DSBs and assists in ATM activation. ATM, in turn, phosphorylates all the
members of the MRN complex to initiate downstream signaling [23,24]. The association
of ATM gene mutation/deletion with STS suggested a link of the ATM gene with cancer
risk, and ATM kinase may contribute to the pathogenesis of STS [24,25]. Interestingly,
Western blot analysis, in LMS and LPS, showed that trabectedin + IR did not decrease ATM
and RAD50 expression compared to IR alone, suggesting that trabectedin might not affect
radio-induced DNA damage repair response.

Since STS are highly vascularized, we measured vascular endothelial growth factor
(VEGF) and angiopoietin 2 (Ang-2) to investigate if trabectedin combined with radiation
affects tumor vascularization. VEGF induces angiogenesis and endothelial cell prolifer-
ation. Ang-2 antagonizes Angl-Tie2 signaling, required for maintaining vessel integrity
through the recruitment of peri-endothelial cells, and induces the loosening of vascular
structure and an increase in the vascular permeability exposure of endothelial cells to
pro-angiogenesis factor such as VEGEF. High levels of VEGF-A in tumors and blood samples
from STS patients are associated with a higher tumor grade, an increased tendency to form
metastases, a reduced response to treatment, a lower overall survival, and an increased risk
of recurrence [26].

An emerging therapeutic option in radiotherapy is immunotherapy. In sarcomas,
several data suggested it is an interesting strategy, even if the knowledge of the immune
response remains limited compared to other cancers. An unfavorable prognostic role of
tumor-associated macrophages was reported in LMS and myxoid LPS. Immunotherapeutic
strategies may be promising in sarcoma patients. Indeed, the heterogeneity of sarcomas
makes the identification of a unified molecular pathway that could be exploited to treat
a large proportion of them hard [27]. Finally, the capability of PD-L1 to exert a major
role in suppressing antitumor adaptive immunity and pharmacological blockade using
immune checkpoint inhibitors (ICI) is currently under investigation in STS [28]; interest-
ingly, radiotherapy may induce the upregulation of its expression in certain tumors [29].
Trabectedin + IR did not alter either the expression of cytokines involved in neoangiogen-
esis nor the tumor immune evasion. However, an in vitro model may lack accuracy to
reproduce the complex interplay among radiation, cancer cells, and TME in the living host
and may require further investigation in in vivo models.

4. Materials and Methods
4.1. Reagents

Trabectedin was provided by PharmaMar, S.A. (Madrid, Spain). Reagents for cells
cultures and Western blot and matrigel were purchased from Sigma-Aldrich (St. Louis, MO,
USA). The BCA protein assay kit was obtained from Pierce Biotechnology (Rockford, IL,
USA). Phospho-gamma-H2AX (pSer139) was purchased from Cell Signaling Technology
(Danvers, MA, USA). Antibodies for ATM, RAD50, angiopoietin 2, VEGF, PDL1, STAT]1,
and GADPH were purchased from Santa Cruz Biotechnology, Inc. (Heidelberg, Germany).
Peroxidase-conjugated secondary antibody was purchased from Calbiochem (Darmstadt,
Germany). Anti-rabbit secondary antibody (Alexa Fluor 488) was purchased from Thermo
Fisher Scientific (Waltham, MA, USA).



Int. J. Mol. Sci. 2022, 23, 14305

14 of 18

The ThinCert cell culture insert PET membrane for the cell invasion assay was obtained
from Greiner bio-one (Kremsmiinster, Austria). The DAPI Nuclear Stain was purchased
from Merck Life Science S.r.l. (Darmstadt, Germany). The ibidi u-Slide VI 0.4 was purchased
from Ibidi Gmbh (Martinsried, Germany).

4.2. Cell Cultures

Human fibrosarcoma (FS; HS 93.T), leiomyosarcoma (LMS; HS5.T), liposarcoma (LPS;
SW872), and rhabdomyosarcoma (RMS; RD) cell lines were obtained from ATCC (Manassas,
VA, USA) and cultured in DMEM with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin,
and 100 mg/mL streptomycin at 37 °C in a humidified 5% CO, atmosphere.

4.3. Cytotoxic Assay

An MTS assay was used to measure IC50 (drug concentration resulting in 50% inhi-
bition of cell growth). Values were determined by seeding 2000 cells/well in 100 uL of
growth medium in 96-well plates and incubating cells overnight at 37 °C to allow attach-
ment. After 24 h, the medium was changed without (control) or with increasing doses
of trabectedin during 72 h. During incubation, the medium was not changed, nor was
trabectedin added again. Then, 20 pL of reagent was directly added to the wells, and the
plates were incubated at 37 °C for at least 1 h. Absorbance was measured at 490 nm on
the VICTOR 3 1420 Multilabel Plate Reader (PerkinElmert, Inc., Waltham, MA, USA). Data
from each treatment were reported as the percentage of the relative control.

4.4. Clonogenic Assays

For clonogenic assays, 1500, 2000, 2500, and 3000 cells/well were seeded in six-well
plates. After 24 h, a single IR dose of 2 Gray (Gy) (cells plated at 2000), 4 Gy (cells plated
at 2500), or 6 Gy (cells plated at 3000) was delivered, with or without trabectedin pre-
treatment. To assess differences in SF and avoid the confounding effect of potential cell
overkill, trabectedin was administered at a dose corresponding to 12% of the IC50. Cells
plated at 1500 cells/well were used as controls. Cells were processed as previously de-
scribed [30]. Stained colonies were counted and normalized to the respective controls
(trabectedin-treated cells for combined treatments). Linear-quadratic survival was fit to the
data by nonlinear regression. The radiosensitization enhancement ratio for trabectedin at
50% survival (ER50) was calculated as follows: ER50 = dose at 50% survival without tra-
bectedin/dose at 50% survival with trabectedin. Furthermore, according to the previously
reported methodology [31], we compared the SF experimentally observed after combined
treatment with the “expected” SF in the presence of a mere additive effect, in order to
evaluate if the combination of trabectedin with radiation showed a synergistic effect.

4.5. Invasion Assay

Cell invasion assays were performed using the ThinCert cell culture insert PET mem-
brane with an 8 pm pore size coated with 0.3 mg/mL of matrigel, a reconstituted basement
membrane. Briefly, cells were trypsinized and counted, then cells were seeded in the upper
chamber at 1 x 10* cells/well in serum-free DMEM. DMEM supplemented with 10% FBS
was placed in the bottom well as a source of chemoattractant. Incubation was carried out
for 24 h at 37 °C in a humidified 5% CO, atmosphere. At the end of the assay, non-invasive
cells in the upper chamber were wiped off with a cotton swab, whereas cells on the lower
surface were permeabilized by 100% methanol and stained with crystal violet. In each
invasion assay, non-treated cells were taken as the controls. The number of invasive cells
was counted in 8 visual fields to obtain an average value. Then, the data are reported also
as the percentage of positive stained cells normalized on the control considered as 100%.
Invasive cells were subsequently extracted with DMSO and read at 595 nm.
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4.6. Flow Cytometry Analysis

Cells were synchronized by starvation with serum-free medium in the 24 h preceding
irradiation. Then, cells were pre-treated with trabectedin and/or irradiated to a dose of
4 Gy. After 24 h, cells were harvested by trypsinization and re-suspended in 0.3% BSA PBS
wash buffer. FS, RS, and LPS to a density of 5 x 10° cells were fixed with 2% formaldehyde
and then stained with DAPI Nuclear Stain. LMS cells were resuspended to a density of
1 x 10° cells/mL in 0.3% BSA PBS wash buffer, then fixed in cold 70% ethanol for 1 h at
4 °C, and stained with 50 pg/mL of PI and 100 ng/mL of ribonuclease RNase, to ensure
only DNA staining. Stained cells were analyzed using a MACSQuant Analyzer 10 benchtop
flow cytometer (Miltenyi Biotec) according to the manufacturer’s instructions.

4.7. Immunofluorescence Analysis

Cells were treated as previously reported [31]. Briefly, cells were seeded on ibidi
p-Slide VI 0.4 in growth medium, then were starved with serum-free medium in the 24 h
preceding irradiation. At this point, cells were pre-treated with trabectedin and/or irra-
diated at 4 Gy. The first samples were fixed 30 min after irradiation, and the remaining
samples were incubated for 6 h and 24 h under standard cell culture conditions to allow
repair of radiation-induced DNA double-strand breaks (DSBs). Then, cells were stained
with the anti-gamma-H2AX antibody. A Leica TCS SP5-II laser confocal microscope (Leica,
Milan, Italy) with a 40 x objective was used to analyze the specimens. The mean immunoflu-
orescent signal per nucleus emitted from gamma-H2AX was determined by the Image]
software (NIH, Bethesda, MD, USA). The pan-nuclear signals without foci were excluded
from the analysis. Then, the immunofluorescent signal resulting from each treatment is
reported as the percentage of the immunofluorescent signal of the control cells.

4.8. Western Blot

Since the LMS and LPS cell lines were found to be more affected by trabectedin, we
decided to perform further experiments on these two cell lines, to assess modifications in
the expression of DNA damage response proteins (ATM, RAD50), proangiogenic cytokines
(VEGE, Ang-2), and immune inhibitory signaling proteins (PD-L1).

Cells were lysed in 150 pL ice-cold RIPA buffer (150 mM NaCl, 50 mM TRIS pH 7.5,
1% (v/v) Nonidet P-40, 0.5% (w/v) sodium deoxycholate, 0.1% (v/v) SDS) supplemented
with the protease/phosphatase inhibitor cocktail. Cells were centrifuged for 10 min at
9000 rpm at 4 °C, then the supernatants collected and the protein concentration measured.
Protein aliquots (30 png), processed and loaded onto 8 and 15% SDS-PAGE, were transferred
on PVDF membranes, which were incubated overnight at 4 °C with primary antibodies
diluted in Tween Tris-buffered saline, followed by peroxidase-conjugated secondary IgG.
Proteins were revealed using the Immobilon Western Chemiluminescent HRP Substrate.
The chemiluminescent signal was analyzed with the Image lab software on a ChemiDoc
Touch Imaging system (Bio-Rad Laboratories). STAT1 and GADPH were used as the
loading control. The densitometric analysis of Western blot bands was performed using
the Quantity One software (Bio-Rad Laboratories, Inc, Milan, Italy), normalized to STAT1
and GADPH, and reported as the percentage relative to the respective control, set as 100.

4.9. Statistics

Statistical analysis was performed using one-way analysis of variance (ANOVA), and
p < 0.05 was considered statistically significant. Data are expressed as the means & SEM.

5. Conclusions

These results suggest that trabectedin combined with radiation has an effect on cell
survival, in particular in the LMS and LPS subtypes, on cell invasiveness, on progression
through the different steps of the cell cycle depending on the cell type and dose, and on
double-strand breaks’ formation. Conversely, in the LMS and LPS subtypes, no synergistic
activity was demonstrated on DNA damage repair mechanisms, neo-angiogenesis, or im-
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mune evasion. Further investigations, in particular in in vivo models, are required to clarify
the mechanisms underlying the potential synergistic effect of trabectedin combined with
radiation in certain STS subtypes, in particular with regard to the molecular determinants of
the intrinsic susceptibility of different histological subtypes, such as the specific interaction
with disease-related translocations.

Supplementary Materials: The following Supporting Information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms232214305/s1, Figure S1: A representative image of three
experiments of the invasion assay is shown for each STS cell line, 40X original magnification, respec-
tively, rhabdomyosarcoma (A), liposarcoma (B), leiomyosarcoma (C), and fibrosarcoma (D). Control
(ctrl); irradiation (IR); trabectedine (Trb); Figure S2: Immunofluorescence staining of y-H2AX after
4 Gy irradiation at different time points in rhabdomyosarcoma, liposarcoma, and leiomyosarcoma,
respectively. Magnification: 40X. Control (ctrl), irradiation (IR), trabectedine (Trb). Expected versus
observed IR + Trb combination in leiomyosarcoma (A) and liposarcoma (B).

Author Contributions: Conceptualization, M.L., L.L. and M.M.; methodology, M.L., G.S., M.S. and
C.T,; validation, G.F,, D.G. and M.L.; formal analysis, G.S., M.EM., C.S., M.S. and M.A_; investigation,
M.A., G.S., M.LEM.,, M.V. and V.S,; resources, L.L. and D.A.C.; data curation, M.L., C.T., M.M. and
C.B.; writing—original draft preparation, M.A., M.V,, G.S., M.S. and C.S.; writing—review and
editing, M.L., G.E, C.T. and M.M,; visualization, L.L. and D.A.C.; supervision, M.L. and M.M.; project
administration, M.M.; funding acquisition, L.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was kindly supported by PharmaMar.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare that they have no conflict of interest. The funders had no
role in the design of the study; in the collection, analyses, or interpretation of the data; in the writing
of the manuscript; nor in the decision to publish the results.

References

1.

Casali, P.G.; Abecassis, N.; Aro, H.T.; Bauer, S; Biagini, R.; Bielack, S.; Bonvalot, S.; Boukovinas, I.; Bovee, ]. VM.G.; Brodowicz, T.;
et al. Soft tissue and visceral sarcomas: ESMO-EURACAN Clinical Practice Guidelines for diagnosis, treatment and follow-up.
Ann. Oncol. 2018, 29 (Suppl. 4), iv51-iv67, Erratum in Ann Oncol. 2018, 29 (Suppl. 4), iv268-iv269. [CrossRef] [PubMed]
Demetri, G.D.; von Mehren, M.; Jones, R.L.; Hensley, M.L.; Schuetze, S.M.; Staddon, A.; Milhem, M,; Elias, A.; Ganjoo, K.; Tawbi,
H.; et al. Efficacy and Safety of Trabectedin or Dacarbazine for Metastatic Liposarcoma or Leiomyosarcoma After Failure of
Conventional Chemotherapy: Results of a Phase IIIl Randomized Multicenter Clinical Trial. ]. Clin. Oncol. 2016, 34, 786-793.
[CrossRef] [PubMed]

Di Giandomenico, S.; Frapolli, R.; Bello, E.; Uboldj, S.; Licandro, S.A.; Marchini, S.; Beltrame, L.; Brich, S.; Mauro, V.; Tamborini,
E.; et al. Mode of action of trabectedin in myxoid liposarcomas. Oncogene 2014, 33, 5201-5210. [CrossRef] [PubMed]

Allavena, P; Signorelli, M.; Chieppa, M.; Erba, E.; Bianchi, G.; Marchesi, E; Olimpio, C.O.; Bonardi, C.; Garbi, A.; Lissoni, A.; et al.
Anti-inflammatory properties of the novel antitumor agent yondelis (trabectedin): Inhibition of macrophage differentiation and
cytokine production. Cancer Res. 2005, 65, 2964-2971. [CrossRef] [PubMed]

Germano, G.; Frapolli, R.; Belgiovine, C.; Anselmo, A.; Pesce, S.; Liguori, M.; Erba, E.; Uboldi, S.; Zucchetti, M.; Pasqualini, F;
et al. Role of macrophage targeting in the antitumor activity of trabectedin. Cancer Cell 2013, 23, 249-262. [CrossRef]
Belgiovine, C.; Frapolli, R.; Liguori, M.; Digifico, E.; Colombo, ES.; Meroni, M.; Allavena, P.; D’Incalci, M. Inhibition of tumor-
associated macrophages by trabectedin improves the antitumor adaptive immunity in response to anti-PD-1 therapy. Eur. J.
Immunol. 2021, 51, 2677-2686. [CrossRef]

Manda, K.; Prékelt, T.; Schroder, T.; Kriesen, S.; Hildebrandt, G. Radiosensitizing effects of trabectedin on human A549 lung
cancer cells and HT-29 colon cancer cells. Investig. New Drugs 2020, 38, 967-976. [CrossRef]

Romero, J.; Zapata, I.; Cordoba, S.; Jimeno, ].M.; Lopez-Martin, J.A.; Tercero, ].C.; De La Torre, A.; Vargas, ]J.A.; Molerén, R,;
Sanchez-Prieto, R. In vitro radiosensitisation by trabectedin in human cancer cell lines. Eur. |. Cancer 2008, 44, 1726-1733.
[CrossRef]

Tavecchio, M.; Simone, M.; Erba, E.; Chiolo, L; Liberi, G.; Foiani, M.; D'Incalci, M.; Damia, G. Role of homologous recombination
in trabectedin-induced DNA damage. Eur. J. Cancer 2008, 44, 609-618. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms232214305/s1
https://www.mdpi.com/article/10.3390/ijms232214305/s1
http://doi.org/10.1093/annonc/mdy096
http://www.ncbi.nlm.nih.gov/pubmed/29846498
http://doi.org/10.1200/JCO.2015.62.4734
http://www.ncbi.nlm.nih.gov/pubmed/26371143
http://doi.org/10.1038/onc.2013.462
http://www.ncbi.nlm.nih.gov/pubmed/24213580
http://doi.org/10.1158/0008-5472.CAN-04-4037
http://www.ncbi.nlm.nih.gov/pubmed/15805300
http://doi.org/10.1016/j.ccr.2013.01.008
http://doi.org/10.1002/eji.202149379
http://doi.org/10.1007/s10637-019-00852-x
http://doi.org/10.1016/j.ejca.2008.04.013
http://doi.org/10.1016/j.ejca.2008.01.003

Int. J. Mol. Sci. 2022, 23, 14305 17 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Damia, G.; Silvestri, S.; Carrassa, L.; Filiberti, L.; Faircloth, G.T.; Liberi, G.; Foiani, M.; D’Incalci, M. Unique pattern of ET-743
activity in different cellular systems with defined deficiencies in DNA-repair pathways. Int. ]. Cancer 2001, 92, 583-588. [CrossRef]
Pautier, P; Italiano, A.; Piperno-Neumann, S.; Chevreau, C.; Penel, N.; Firmin, N.; Boudou-Rouquette, P.; Bertucci, F.; Balleyguier,
C.; Lebrun-Ly, V.; et al. Doxorubicin alone versus doxorubicin with trabectedin followed by trabectedin alone as first-line therapy
for metastatic or unresectable leiomyosarcoma (LMS-04): A randomised, multicentre, open-label phase 3 trial. Lancet Oncol. 2022,
23, 1044-1054. [CrossRef]

Germano, G.; Frapolli, R.; Simone, M.; Tavecchio, M.; Erba, E.; Pesce, S.; Pasqualini, F.; Grosso, F.; Sanfilippo, R.; Casali, P.G.; et al.
Antitumor and anti-inflammatory effects of trabectedin on human myxoid liposarcoma cells. Cancer Res. 2010, 70, 2235-2244.
[CrossRef] [PubMed]

Li, WW.,; Takahashi, N.; Jhanwar, S.; Cordon-Cardo, C.; Elisseyeff, Y.; Jimeno, J.; Faircloth, G.; Bertino, ].R. Sensitivity of soft tissue
sarcoma cell lines to chemotherapeutic agents: Identification of ecteinascidin-743 as a potent cytotoxic agent. Clin. Cancer Res.
2001, 7, 2908-2911. [PubMed]

D’Incalci, M.; Colombo, T.; Ubezio, P.; Nicoletti, I.; Giavazzi, R.; Erba, E.; Ferrarese, L.; Meco, D.; Riccardi, R.; Sessa, C.; et al.
The combination of yondelis and cisplatin is synergistic against human tumor xenografts. Eur. ]. Cancer 2003, 39, 1920-1926.
[CrossRef]

Takahashi, N.; Li, W.W.; Banerjee, D.; Scotto, K.W.; Bertino, ].R. Sequence-dependent enhancement of cytotoxicity produced by
ecteinascidin 743 (ET-743) with doxorubicin or paclitaxel in soft tissue sarcoma cells. Clin. Cancer Res. 2001, 7, 3251-3257.
Pautier, P.; Floquet, A.; Chevreau, C.; Penel, N.; Guillemet, C.; Delcambre, C.; Cupissol, D.; Selle, F.; Isambert, N.; Piperno-
Neumann, S.; et al. A single-arm multicentre phase II trial of doxorubicin in combination with trabectedin in the first-line
treatment for leiomyosarcoma with long-term follow-up and impact of cytoreductive surgery. ESMO Open 2021, 6, 100209.
[CrossRef]

Simoens, C.; Korst, A.E.; De Pooter, C.M.; Lambrechts, H.A.; Pattyn, G.G.; Faircloth, G.T.; Lardon, F; Vermorken, ].B. In vitro
interaction between ecteinascidin 743 (ET-743) and radiation, in relation to its cell cycle effects. Br. J. Cancer 2003, 89, 2305-2311.
[CrossRef]

Jarboe, ].; Zhang, S.; Paz Mejia, A.; Yechieli, R.; Marples, B.; Trent, ]. Radiation Sensitization of Sarcoma by Trabectedin. Int. J.
Radiat. Oncol. Biol. Phys. 2017, 99, €598. [CrossRef]

Martin-Broto, J.; Hindi, N.; Lopez-Pousa, A.; Peinado-Serrano, J.; Alvarez, R.; Alvarez-Gonzalez, A.; Italiano, A.; Sargos, P.;
Cruz-Jurado, J.; Isern-Verdum, J.; et al. Assessment of Safety and Efficacy of Combined Trabectedin and Low-Dose Radiotherapy
for Patients With Metastatic Soft-Tissue Sarcomas: A Nonrandomized Phase 1/2 Clinical Trial. JAMA Oncol. 2020, 6, 535-541,
Erratum in JAMA Oncol. 2020, 6, 1641. [CrossRef]

Gronchi, A; Hindi, N.; Cruz, J.; Blay, ].Y.; Lopez-Pousa, A.; Italiano, A.; Alvarez, R.; Gutierrez, A.; Rincon, I.; Sangalli, C.; et al.
Trabectedin and RAdiotherapy in Soft Tissue Sarcoma (TRASTS): Results of a Phase I Study in Myxoid Liposarcoma from Spanish
(GEIS), Italian (ISG), French (FSG) Sarcoma Groups. EClinicalMedicine 2019, 9, 35-43. [CrossRef]

Rofstad, E.K.; Mathiesen, B.; Henriksen, K.; Kindem, K.; Galappathi, K. The tumor bed effect: Increased metastatic dissemination
from hypoxia-induced up-regulation of metastasis-promoting gene products. Cancer Res. 2005, 65, 2387-2396. [CrossRef]
[PubMed]

D’Andrea, A.D.; Grompe, M. The Fanconi anaemia/BRCA pathway. Nat. Rev. Cancer 2003, 3, 23-34. [CrossRef] [PubMed]
Lavin, M.E; Kozlov, S.; Gatei, M.; Kijas, A.W. ATM-Dependent Phosphorylation of All Three Members of the MRN Complex:
From Sensor to Adaptor. Biomolecules 2015, 5, 2877-2902. [CrossRef]

Zhang, P,; Bhakta, K.S.; Puri, P.L.; Newbury, R.O.; Feramisco, ].R.; Wang, ].Y. Association of ataxia telangiectasia mutated (ATM)
gene mutation/deletion with rhabdomyosarcoma. Cancer Biol. Ther. 2003, 2, 87-91. [CrossRef]

Ul-Hassan, A.; Sisley, K.; Hughes, D.; Hammond, D.W.; Robinson, M.H.; Reed, M.W.R. Common genetic changes in leiomyosar-
com.a and gastrointestinal stromal tumour: Implication for ataxia telangiectasia mutated involvement. Int. J. Exp. Pathol. 2009,
90, 549-557. [CrossRef]

Bertucci, F.; Pascal Perrot, ED.; Lerouxd, A.; Collind, F; le Cesned, A.; Coindred, ].M.; Blayd, ].Y.; Birnbauma, D.; Mamessier, E.
PDL1 expression is a poor-prognosis factor in soft-tissue sarcomas. Oncoimmunology 2017, 6, €1278100. [CrossRef] [PubMed]
Rocchi, L.; Caraffi, S.; Perris, R.; Mangieri, D. The angiogenic asset of soft tissue sarcomas: A new tool to discover new therapeutic
targets. Biosci. Rep. 2014, 34, €00147. [CrossRef]

Tawbi, H.A.; Burgess, M.; Bolejack, V.; Van Tine, B.A.; Schuetze, S.M.; Hu, J.; D’Angelo, S.; Attia, S.; Riedel, R.E; Priebat, D.A;
et al. Pembrolizumab in advanced soft-tissue sarcoma and bone sarcoma (SARC028): A multicentre, two-cohort, single-arm,
open-label, phase 2 trial. Lancet Oncol. 2017, 18, 1493-1501, Erratum in Lancet Oncol. 2017, 18, e711. Erratum in Lancet Oncol. 2018,
19, e8. [CrossRef]

Song, X.; Shao, Y,; Jiang, T.; Ding, Y.; Xu, B.; Zheng, X.; Wang, Q.; Chen, X.; Gu, W.; Wu, C,; et al. Radiotherapy Upregulates
Programmed Death Ligand-1 through the Pathways Downstream of Epidermal Growth Factor Receptor in Glioma. EBioMedicine
2018, 28, 105-113. [CrossRef]


http://doi.org/10.1002/ijc.1221
http://doi.org/10.1016/S1470-2045(22)00380-1
http://doi.org/10.1158/0008-5472.CAN-09-2335
http://www.ncbi.nlm.nih.gov/pubmed/20215499
http://www.ncbi.nlm.nih.gov/pubmed/11555609
http://doi.org/10.1016/S0959-8049(03)00490-8
http://doi.org/10.1016/j.esmoop.2021.100209
http://doi.org/10.1038/sj.bjc.6601431
http://doi.org/10.1016/j.ijrobp.2017.06.2040
http://doi.org/10.1001/jamaoncol.2019.6584
http://doi.org/10.1016/j.eclinm.2019.03.007
http://doi.org/10.1158/0008-5472.CAN-04-3039
http://www.ncbi.nlm.nih.gov/pubmed/15781654
http://doi.org/10.1038/nrc970
http://www.ncbi.nlm.nih.gov/pubmed/12509764
http://doi.org/10.3390/biom5042877
http://doi.org/10.4161/cbt.231
http://doi.org/10.1111/j.1365-2613.2009.00680.x
http://doi.org/10.1080/2162402X.2016.1278100
http://www.ncbi.nlm.nih.gov/pubmed/28405501
http://doi.org/10.1042/BSR20140075
http://doi.org/10.1016/S1470-2045(17)30624-1
http://doi.org/10.1016/j.ebiom.2018.01.027

Int. J. Mol. Sci. 2022, 23, 14305 18 of 18

30. Mangoni, M.; Sottili, M.; Gerini, C.; Desideri, I.; Bastida, C.; Pallotta, S.; Castiglione, F.; Bonomo, P.; Meattini, I.; Greto, D.; et al. A
PPAR-gamma agonist protects from radiation-induced intestinal toxicity. United Eur. Gastroenterol. J. 2017, 5, 218-226. [CrossRef]

31. Mangoni, M.; Sottili, M.; Salvatore, G.; Meattini, I.; Desideri, I.; Greto, D.; Loi, M.; Becherini, C.; Garlatti, P; Delli Paoli, C.; et al.
Enhancement of Soft Tissue Sarcoma Cell Radiosensitivity by Poly(ADP-ribose) Polymerase-1 Inhibitors. Radiat. Res. 2018, 190,
464-472. [CrossRef] [PubMed]


http://doi.org/10.1177/2050640616640443
http://doi.org/10.1667/RR15035.1
http://www.ncbi.nlm.nih.gov/pubmed/30067444

	Introduction 
	Results 
	Trabectedin Is Cytotoxic in the Low Nanomolar Range in STS Cells 
	Trabectedin Improves Cytotoxic Effect of IR 
	Trabectedin Significantly Reduces Invasiveness Caused by IR 
	Trabectedin Affects Cell Cycle Progression of STS Cells 
	Trabectedin Combined with IR Significantly Increased the Number of -H2AX Foci 
	Trabectedin Combined with IR Affects the Expression of DNA Damage Response Proteins, Angiogenic Factors, and Immune Checkpoint Proteins 

	Discussion 
	Materials and Methods 
	Reagents 
	Cell Cultures 
	Cytotoxic Assay 
	Clonogenic Assays 
	Invasion Assay 
	Flow Cytometry Analysis 
	Immunofluorescence Analysis 
	Western Blot 
	Statistics 

	Conclusions 
	References

