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Abstract
Advanced sarcomas have a poor prognosis and limited therapeutic options. Disease recurrence is caused by persistent cells 
that survive drug treatments. The alkylating agent trabectedin, when combined with the poly (ADP-ribose) polymerase 1 
(PARP1) inhibitor olaparib, exhibits variable antitumor effects in advanced sarcomas. In this study, we demonstrate that the 
expression of the transcription factor OCT4 is upregulated in persistent cells that survive treatment with trabectedin and 
olaparib, through the cGAS-STING-IRF3-IFNβ pathway. This route also leads to the upregulation of natural killer (NK) 
and cytokine-induced killer (CIK) lymphocyte activating ligands. These molecular events enhance the antitumor efficacy of 
immunotherapy with NK and CIK cells, targeting both the bulk population and residual drug-tolerant cells. In conclusion, 
the activation of the cGAS-STING pathway has a double-edged effect, enriching the OCT4+ persistent cell population while 
increasing the expression of NK/CIK ligands. The addition of olaparib to trabectedin potentiates the cGAS-STING pathway 
activation and the upregulation of NKG2DLs, while simultaneously counteracting the OCT4 overexpression. Therefore, 
sequential treatment with trabectedin and olaparib followed by NK/CIK immunotherapy represents a promising strategy 
against advanced sarcomas and warrants further investigation.

Keywords  NK/CIK cellular immunotherapy · cGAS-STING-IRF3-IFNβ pathway · Trabectedin · Olaparib · OCT4 · 
Persistent sarcoma cells
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nodeficient mice
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PARP1	� Poly [ADP-ribose] polymerase 1
PBMCs	� Peripheral blood mononuclear cells
RPMI	� Roswell park memorial institute medium
RT-qPCR	� Quantitative reverse transcription polymer-

ase chain reaction
siCTRL	� Silencing control
siIRF3	� Silencing IRF3
STING	� Stimulator of interferon genes
TANK	� TRAF family member-associated nuclear 

factor-kappa-B activator
TBK1	� TANK binding kinase-1
TRAF	� Tumor necrosis factor receptor-associated 

factor
ULBP	� UL16 binding protein

Introduction

Sarcomas are rare, heterogeneous, and malignant tumors of 
mesenchymal origin. Limited effective therapeutic options 
are available for the management of advanced, unresectable, 
or metastatic disease, and their prognosis remains poor [1]. 
Resistance to cancer treatments is typically attributed to a 
subset of cells that survive after treatment [2, 3]. The charac-
terization of persistent cells is challenging, and no univocal 
methods have been established, adding further complexity 
to the field. Octamer-binding transcription factor 4 (OCT4), 
encoded by the POU5F1 gene, is a well-recognized hallmark 
of pluripotency in both embryonic and quiescent adult cells 
and plays a key role in cancer [4, 5]. The enrichment of the 
OCT4+ fraction suggests that tumor cells surviving drug 
treatment acquired stem-like properties, thereby increasing 
the risk of recurrence [6–8]. Our group previously reported 
that sarcoma cells spared by conventional treatment are sig-
nificantly enriched in their OCT4+ fraction [9]. Additionally, 
we demonstrated that the combination of the alkylating agent 
trabectedin and the poly (ADP-ribose) polymerase-1 (PARP1) 
inhibitor olaparib exhibits antitumor activity against a subset 
of sarcomas in both preclinical and clinical studies [10, 11]. 
Varying degrees of drug synergism were observed, and half 
of the treated patients did not benefit from the combination. 

Therefore, we sought to determine whether tumor cells persist-
ing after treatment display characteristics of cancer stemness. 
Conflicting evidence exists regarding the effect of trabectedin 
and olaparib on the induction of stem-like traits in tumor cells 
[12–15]. Moreover, the molecular basis underlying these 
features in drug-persistent cells is still poorly understood. 
Trabectedin derivatives, as well as PARP1 inhibitors, trig-
ger cyclic 2′3’GMP-AMP (2′3’-cGAMP) synthetase (cGAS), 
stimulator of interferon gene (STING), tank-binding kinase I 
(TBK1), and interferon regulatory factor 3 (IRF3), ultimately 
leading to interferon (IFN)-β production [16–19]. Moreover, 
the activation of the cGAS-STING pathway has a dual role, 
promoting both cancer progression and innate immunity 
[20–24]. In this context, the immune system’s activity against 
persistent cells remains far from being fully understood. Adop-
tive immune cell therapy may represent a promising approach 
to defeating treatment-resistant cancer cells [25]. The clinical 
use of innate immune cells such as natural killer (NK) cells 
and other human leukocyte antigen (HLA)-independent effec-
tors such as cytokine-induced killer (CIK) lymphocytes has 
demonstrated a favorable clinical safety profile and represents 
an encouraging therapeutic alternative [26–28]. We previously 
investigated the activity of immunotherapy with NK and CIK 
in preclinical in vitro and in vivo models of sarcomas [29], 
demonstrating their efficacy against the OCT4+ fraction [9]. 
NK and CIK kill their target cells without prior immunization 
or major histocompatibility complex (MHC) restriction. Sev-
eral tumor histotypes, including sarcomas, express NK/CIK 
activating ligands, among which the NKG2D ligands (NKG-
2DLs), such as the stress-inducible ligands MHC class I chain-
related protein A and B (MICA/B) and the UL16 binding pro-
teins (ULBP2/3/5/6) [30–32]. DNA-damaging agents, such as 
trabectedin, may upregulate the expression of NKG2DLs on 
cancer cells, potentially enhancing NK/CIK activity [33, 34].

In this work, for the first time, we show that trabectedin-
olaparib combination activates the cGAS-STING path-
way, leading to a double-edged effect in sarcoma cells: it 
increases the fraction of OCT4+ cells and the expression of 
NKG2DLs, eventually enhancing NK/CIK antitumor activ-
ity against both bulk and OCT4+ persistent sarcoma cells. 
Hence, trabectedin and olaparib show immunomodulatory 
activity in a preclinical experimental setting, paving the way 
for sequential immunotherapeutic strategies with NK/CIK-
based adoptive cell therapy.

Materials and methods

Cell lines, ex vivo expansion of CIK cells, and DMR 
xenografts

Bone and soft tissue sarcoma primary and commercially 
available cell lines (chondrosarcoma HT-1080 [35, 36], 
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fibrosarcoma SW684, myxoid/round liposarcoma 402.91, 
leiomyosarcoma DMR and MES-SA [10], and undiffer-
entiated pleomorphic sarcoma S018 and S006 [29]) were 
obtained from surgical resection or purchased and cul-
tured as previously described [10, 29]. The NK-92 cell 
line was purchased from ATCC and cultured in Alpha 
Minimum Essential Medium with 12.5% horse serum 
(Gibco) and 12.5% FBS, supplemented with 0.2 mM ino-
sitol, 2–0.1 mM 2-mercaptoethanol, 0.02 mM folic acid, 
100–200 IU/ml recombinant interleukin (IL)-2 (Chiron 
Corporation). CIK cells were obtained from the expan-
sion of peripheral blood mononuclear cells (PBMCs) col-
lected as previously described from patients affected by 
histologically confirmed bone and soft tissue sarcomas 
[29]. All participants provided written informed consent 
under a protocol that adheres to the Declaration of Hel-
sinki, and the study was approved by the local Institutional 
Review Board and Ethics Committee (approval number 
296–2020/14-OCT-2020). All the cells were maintained 
at 37 °C in a humidified atmosphere containing 5% CO2. 
DMR xenograft models were obtained by orthotopic 
injection of DMR cells into the uterine wall of non-obese 
diabetic/severe combined immunodeficient (NOD/SCID) 
mice (Charles River), as previously described [10]. This 
protocol was approved by the Institutional Animal Wel-
fare Organization (OPBA) of the Candiolo Cancer Insti-
tute according to Italian Legislative Decree no. 26 of 
03.14.2014 and by the Italian Ministry of Health (Aut. 
Min. 178/2015-PR).

Pharmacological treatments

Trabectedin (PharmaMar) and olaparib (Carbosynth) 
were dissolved in dimethyl sulfoxide (DMSO, Sigma-
Aldrich), stored at − 80 °C, and diluted in fresh media 
immediately before use at a final concentration of 0.5 nM 
trabectedin and 5 µM olaparib for 24 or 72-h treatment. 
2′3’-cGAMP (InvivoGen) was diluted to a final concentra-
tion of 10 μM and transfected into cells for 6 or 24 h using 
Lipofectamine®RNAiMAX (Thermo Fisher Scientific) 
according to the manufacturer’s protocol. IFNβ (PHC4244, 
Thermo Fisher Scientific) was stored at − 80  °C and 
diluted to a final concentration of 10–100–1000 IU/mL 
in the culture medium for 24-h treatments. Itacitinib 
(INCB39110, Selleck Chemicals) was stored at − 80 °C 
and diluted in fresh media immediately before use at a 
final concentration of 1 μM for 24-h treatments. The IFNβ-
neutralizing antibody (AF814, R&D Systems) was stored 
at − 20 °C and diluted to a final concentration of 0.2 µg/
ml for 24-h cell treatment. DMR xenografts were treated 
with trabectedin and olaparib as previously described [10].

RNA silencing

Tumor cells were grown to 60% confluence in complete 
medium and then incubated with 10 nM siRNAs (listed in 
Supplementary Table S1) and Lipofectamine®RNAiMAX 
(Thermo Fisher Scientific) diluted in Opti-MEM® (Gibco) 
without antibiotics, as recommended by the manufacturer. 
RT-qPCR and western blotting were performed to check 
silencing efficacy after 24 and 48 h.

Co‑culture with NK‑92 or CIK cells, and cell viability 
assays

After 72 h of trabectedin and olaparib treatment, tumor cells 
were co-cultured for an additional 72 h with NK or CIK 
cells at different effector:target ratios. Cell viability was 
measured by the CellTiter-Glo® Luminescent Cell Viabil-
ity Assay (Promega) using a GloMax® Discover Microplate 
Reader (Promega). The killing activity was calculated as 
the mortality of each effector:target ratio normalized to the 
mortality in the absence of NK/CIK (effector:target = 0:1). 
In dedicated experiments, viable and total cell counts were 
performed by 0.1% Trypan blue dye exclusion (Thermo 
Fisher Scientific) and OCT4+ cells were evaluated by flow 
cytometry, as described below. Cells were subjected to IRF3 
silencing (siIRF3) for 48 h, incubated for 24 h with trabect-
edin and olaparib as single agents and in combination, and 
co-cultured for additional 24 h with NK-92 (1:1) or CIK 
(10:1) cells to test cell viability in comparison with silencer 
negative control (siCTRL)-treated cells.

RNA extraction and RT‑qPCR

Total RNA was extracted from sarcoma cell lines and xeno-
grafts using the Maxwell® RSC miRNA Tissue Kit and the 
RSC Maxwell Instrument (Promega), following the man-
ufacturer’s instructions. RNA quality and concentration 
were checked using a DS 11 + spectrophotometer (Deno-
vix Inc). Starting with 500 ng of total RNA, Superscript 
VILO IV Master Mix (Thermo Fisher Scientific) was used 
to obtain cDNA. RT-qPCR was performed using TaqMan 
Fast Advanced Mastermix (Thermo Fisher Scientific) and 
TaqMan probes (Supplementary Table S2) using the ABI 
PRISM 7900HT System (Thermo Fisher Scientific). RT-
qPCR for IFNAR1/2 and GUSB as housekeeping gene was 
performed using SYBR Green Master mix (Thermo Fisher 
Scientific) and an appropriate set of primers (Supplementary 
Table S3). The expression data were normalized to house-
keeping genes, and the fold change for each group of treat-
ments in comparison with untreated controls was calculated 
using the 2−ΔΔct formula.
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Western blot

Cells were lysed in Lysis Buffer 6 (R&D Systems) to obtain 
protein extracts, as previously described [37]. Protein con-
centrations were determined using the BCA Protein Assay 
(Thermo Fisher Scientific) and Glomax Discover System 
(Promega). After gel electrophoresis and blotting, nonspe-
cific binding sites were blocked with 10% bovine serum 
albumin for 1 h. Primary antibodies (listed in Supplemen-
tary Table S4) were incubated overnight at 4 °C, followed 
by 1-h incubation with HRP-conjugated secondary antibod-
ies (Jackson ImmunoResearch Laboratories). Imaging and 
quantification were performed using the Bio-Rad Chemi-
doc™ Touch Imaging System (Bio-Rad Laboratories), and 
intensity was quantified using QuantityOne (Bio-Rad Labo-
ratories), using vinculin or β-actin as a normalizer.

Flow cytometry

Tumor cells were incubated for one hour at + 4 °C in the 
dark with fluorochrome-conjugated primary antibody 
against OCT4 after permeabilization with a fix-and-perm kit 
(Thermo Fisher), or directly with NKG2DL antibodies (Sup-
plementary Table S5) The fluorescent signal was detected by 
ADP Cyan (Beckman Coulter Srl) and analyzed using Sum-
mit v4.3 software (Beckman Coulter Srl). Gating strategies 
are shown in Supplementary Figure S1. NK and CIK cell 
phenotypes were evaluated using fluorochrome-conjugated 
monoclonal antibodies against CD3, CD8, CD56, CD134, 
and CD226 (Supplementary Table S5).

RNA sequencing and bioinformatic analysis

After RNA extraction, RNA concentration was deter-
mined using the Qubit RNA BR (broad range) assay kit 
(Thermo Fisher Scientific) and a Qubit® 3.0 Fluorom-
eter (Thermo Fisher Scientific). RNA fragmentation was 
assessed using the 2100 Bioanalyzer High-Sensitivity 
RNA Assay Kit (Agilent Technologies). The total RNA 
was processed for RNA-sequencing analysis with TruSeq 
Stranded Total RNA Gold (Illumina) following the manu-
facturer’s instructions and sequenced on a NovaSeq6000 
(Illumina). Sequencing reads were preprocessed and fil-
tered using fastp software v0.23.1 [38]. Filtered reads were 
aligned to transcript annotations using Salmon v1.4.0 in 
default settings with seqBias and gcBias options to correct 
hexamer priming and GC-content biases, respectively [39]. 
Gencode v36 was used as a reference transcriptome. Read 
alignments were preprocessed with the tximport v1.18.0 
R package [40] and expression levels were normalized 
to transcripts per million (TPM). DESeq2 v1.30.1 [41] 
was used to perform the differential expression analysis. 
A gene was considered differentially expressed if it was 

associated with an adjusted p-value < 0.05, and a median 
TPM > 1 in all samples. Metascape v3.5 [42] was used 
in the default settings for functional enrichment analysis. 
Raw sequencing data were deposited in Gene Expression 
Omnibus (GEO) with the identifier GSE239639.

Immunofluorescence

Cytosolic dsDNA was visualized in drug-treated cells and 
formalin-fixed paraffin-embedded (FFPE) DMR xenografts. 
Cells were seeded in an 8-well chamber (Ibidi), treated with 
trabectedin, olaparib, or their combination for 24 h and fixed 
with cold 4% paraformaldehyde (#sc-281692; Santa Cruz 
Biotechnology) for 10 min at room temperature. FFPE-
DMR xenografts were 2-µm sectioned using an RM 2125 
microtome (Leica Biosystems), mounted on polarized glass 
slides (Leica Biosystem), and dried at 40 °C for 30 min. 
Sections were deparaffinized, subjected to antigen retrieval 
with sodium citrate buffer pH 6 (#C9999, Sigma Aldrich) at 
96 °C for 30 min, and permeabilized in 0.01% Triton-X100, 
0.1% Tween-20, and phosphate-buffer saline (PBST) for 
10 min. Nonspecific binding sites were blocked for 30 min 
in blocking buffer (1% BSA, 2.25% Glycine, PBST). Finally, 
the sections were incubated overnight at 4 °C with dsDNA 
antibody (Supplementary Table S4), followed by a 1-h incu-
bation with Alexa Fluor 488 secondary antibody (Thermo 
Fisher Scientific), DAPI (Thermo Fisher Scientific), and 
phalloidin (PHN-Alexa 647, Sigma Aldrich). Imaging was 
performed using an SPE II confocal microscope (Leica) with 
an oil immersion objective (63x). The number of intracel-
lular dsDNA spots was quantified using ImageJ software as 
the total occupied area within the cell.

Spheroid‑formation assay

HT-1080 cells were seeded in ultra-low-attachment round-
bottom 96-well plates (Corning) at a density of 1000 viable 
cells/well in DMEM-F12 (Sigma Aldrich), B27 (Gibco), 
10  ng/mL h-EGF, 10  ng/mL h-FGF, 4  μg/mL insulin 
(Thermo Fisher Scientific) and penicillin/streptomycin, with 
or without 2′3’-cGAMP (10 µM), centrifuged at 1000 rpm 
for 10 min, and cultured for 14 days, replacing half of the 
medium every 72 h. Spheroid-forming ability was monitored 
by taking photographs at different time points (1, 3, 6, 10, 
and 14 days) using an inverted phase-contrast microscope 
at 10 × magnification (Leica). Digital images of the cul-
tured spheroids were analyzed using ImageJ software [43] 
to calculate their area (μm2). The number of viable cells was 
counted by trypan blue dye exclusion, and spheroid growth 
was quantified at the end of the experiment (day 14) using 
the Cell Titer-Glo® assay.
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Crystal violet growth assay

HT-1080 cells were seeded in 12-well plates in complete 
medium and, after 24 h treated with 2′3’-cGAMP for 7 days, 
replacing the medium every 72 h. Alternatively, cells were 
treated with trabectedin, olaparib, or their combination for 
72 h and then after medium replacement, surviving cells 
were cultured for another 72 h in the presence or absence of 
NK-92 (effector:target ratio = 1:12) or CIK (effector:target 
ratio = 1:1) cells. At the end of the experiments, the cells 
were stained with 0.1% crystal violet (Sigma-Aldrich), and 
images were captured using the high-throughput imaging 
platform LIPSI.

ELISA assay

Cell supernatants were collected and analyzed using the 
Human IFNβ ELISA Kit (DIFNB0, R&D Systems) accord-
ing to the manufacturer’s instructions. Absorbance was 
measured at 450 nM, with wavelength correction at 570 nM, 
using the Glomax Discover System (Promega).

Chromatin immunoprecipitation (ChIP)

ChIP was conducted using the Zymo-Spin ChIP kit (D5210, 
Zymo Research), following the manufacturer’s instructions. 
Briefly, 106 cells were used per 1 ml of ChIP reaction, and 
sonication was conducted using Bioruptor Pico (Diagenode) 
for five cycles, with 30 s ON and 30 s OFF at 40% ampli-
tude. For each ChIP reaction, 2.5 µg of antibody (listed in 
Supplementary Table S4) was added. qPCR analysis was 
performed with immunoprecipitated samples or input con-
trols in each reaction mixed with SYBR Green Master mix 
(Thermo Fisher Scientific) and an appropriate set of primers 
designed for the promoter region of POUF5F1 and IFNB1 
(Supplementary Table S6). Briefly, the genomic region 
ranges from − 2000 to + 400 bp of the POU5F1 gene. The 
Transcription Start Site (TSS) was explored for candidate 
IRF3 binding motifs using the Eukaryotic Promoter Data-
base (EPD), Expasy [44], and Multiple Em for Motif Elici-
tation (MEME) tool [45], considering the positional weight 
matrices annotated in JASPAR CORE 2024 [46]. Specifi-
cally, IRF3 binding motifs annotated in this database were 
analyzed, and only those associated with a p-value < 0.05 
were considered statistically significant. The IRF3 consensus 
sequences were identified at − 1598 bp (p < 0.001) and at 
− 91 bp (p < 0.001) from the TSS in the POU5F1 and IFNB1 
promoter regions, respectively (Supplementary Figure S2).

Study design and Statistical analysis

No prior sample-size calculations were performed. RT-
qPCR of POU5F1, cGAS-STING pathway key transducers, 

and NKG2DL expression were conducted with 7 cell lines 
and one xenograft model. Protein expression and in vitro 
experiments were performed with 3 cell lines, and validation 
of specific molecular mechanisms was conducted with one 
cell line, as specified in the results section. No inclusion or 
exclusion criteria were applied. No randomization, blinding, 
or confounding controls were applied. Differences between 
treatment groups (including untreated controls) were ana-
lyzed with two-way ANOVA (Tukey’s test with Bonferroni’s 
correction for multiple comparisons) using Prism 8 Graph-
Pad Software. The results are reported as mean ± standard 
deviation of at least three replicates. No replicate exclusions 
were made. Results with a p-value < 0.05 were deemed to be 
statistically significant.

Results

Persistent sarcoma cells spared 
by the trabectedin‑olaparib combination express 
OCT4 in vitro and in vivo

Since previous studies reported an increase in OCT4+ cells 
following targeted and chemotherapeutic treatments [9], we 
investigated OCT4 expression in persistent sarcoma cells 
spared by trabectedin and olaparib. In 7 tested sarcoma cell 
lines, POU5F1 mRNA expression levels were significantly 
higher in cells surviving trabectedin compared to untreated 
controls, olaparib, and combination treatments. However, 
the combination treatment significantly increased POU5F1 
mRNA expression compared to that in the untreated control 
(Fig. 1A). In vivo, DMR xenografts that survived trabect-
edin treatment exhibited higher levels of POU5F1 mRNA 
compared to the other treatment groups (Fig. 1A). Further-
more, we confirmed the modulation of OCT4 expression at 
the protein level by flow cytometry, showing that trabect-
edin as a single agent significantly increased the percent-
age of OCT4+ cells in three out of 3 cell lines compared to 
untreated controls. Olaparib, as single agent, did not modify 
the OCT4+ population fraction. Furthermore, in cells treated 
with the combination, the percentage of OCT4+ cells was 
significantly higher than that in untreated cells, but lower 
than that in trabectedin-treated cells (Fig. 1B). In addition, 
western blot analysis on OCT4 expression confirmed these 
results (Fig. 1C).

Trabectedin‑olaparib combination upregulates 
the genotoxicity pathway and inhibits the cellular 
response to DNA damage

The transcriptomic profiles of persistent sarcoma cells 
treated with trabectedin and olaparib were analyzed in 
cell lines and xenograft models. Total RNA sequencing 
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revealed that 437 genes were differentially expressed 
between treated versus untreated cells (adj. p < 0.05, 
median TPM > 1) (Fig.  2A). Specifically, trabectedin, 
olaparib, and their combination significantly modulated 
23, 1, and 434 genes, respectively. Notably, 21 genes 
were modulated by both trabectedin and its combination, 
whereas 413 genes were significantly modulated only by 
the combination (Fig. 2A). S018 cells showed the most 
relevant gene expression variation between untreated and 
combination-treated samples, accounting for 347 dif-
ferentially expressed genes (adj. p < 0.05, Supplemen-
tary Table S7). As shown in Fig. 2B, the fold-change in 
expression was consistent among DMR, HT-1080, and 
S018, with a prevalence of gene downregulation. These 
expression patterns were also observed in vivo (Fig. 2B). 
Functional enrichment analysis of both cell lines and xeno-
grafts showed that the Genotoxicity pathway (WP4286) 
was the most enriched term for upregulated genes, and the 
Cellular response to DNA damage stimulus (GO:0006974) 
was the most downregulated (Fig. 2C and Supplemen-
tary Table S8). Volcano plot showed the differentially 
expressed genes in the three cell lines after drug treat-
ments and in DMR xenografts (Supplementary Figure S3).

Trabectedin‑olaparib combination 
increases cytosolic dsDNA and activates 
the cGAS‑STING‑IRF3‑IFNβ pathway

Genotoxic stress activation combined with inhibition of the 
DNA damage response can lead to the leakage of double-
stranded DNA (dsDNA) into the cytosol. Consistent with 
this, confocal microscopy revealed a marked accumulation 
of cytosolic dsDNA 24 h after treatment. Notably, the com-
bination treatment induced significantly greater dsDNA 
accumulation compared to either single agents or controls, as 
further confirmed in vivo in DMR xenografts (Fig. 3A–B). 
The accumulation of cytosolic dsDNA is known to activate 
the cGAS–STING signaling pathway [47]. Thus, as the first 
step, we analyzed the expression of the key transducers 
(STING, TBK1, and IRF3) in all seven cell lines and DMR 
xenografts. The trabectedin-olaparib combination resulted 
in a significant upregulation of these genes compared to 
untreated controls and showed a variable modulation com-
pared to single agents (Fig. 3C). To further assess activa-
tion of the cGAS–STING pathway, we performed western 
blot analysis of phosphorylated TBK1 (Ser172) and IRF3 
(Ser396), along with their corresponding total protein levels, 

Fig. 1   Expression of OCT4 in persistent sarcoma cells spared 
by trabectedin and olaparib treatments. A Real-time PCR analy-
sis of POU5F1 mRNA expression level (fold change) in seven sar-
coma cell lines, and xenografts (DMR-CLX) after 72-h or 21-day 
drug treatment, respectively. B Flow cytometry analysis of OCT4+ 
cells in DMR, HT-1080, and S018 cells after 72-h drug treatment. 
C Representative western blot analyses and protein band intensity 

quantification of OCT4 and β-actin after 72  h of drug treatment. 
NT = untreated, TR = trabectedin-treated, OL = olaparib-treated, 
CB = combination-treated models. Data are shown as mean ± stand-
ard deviation (n = 3; * p < 0.01, ** p < 0.01, *** p < 0.001, **** 
p < 0.0001 vs. untreated; # p < 0.05, ## p < 0.01, ### p < 0.001, 
#### p < 0.0001 vs. trabectedin-treated; † p < 0.05, †† p < 0.01, ††† 
p < 0.001, †††† p < 0.0001 vs. olaparib-treated models)
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in DMR, HT-1080, and S018 cells. A significant increase 
in TBK1 and IRF3 phosphorylation was observed in cells 
treated with trabectedin or the combination, but not with 
olaparib alone, compared to untreated controls. No appreci-
able differences were detected between trabectedin mono-
therapy and the combination treatment (Fig. 3D–E). Moreo-
ver, the production of IFNβ encoded by the IFNB1 gene, 
as the downstream effector of cGAS–STING pathway, was 
significantly increased following trabectedin and combi-
nation treatment compared to untreated controls and was 
considerably higher in the combination compared to single 
agents (Fig. 3F).

The cGAS‑STING‑IRF3‑IFNβ pathway controls 
POU5F1 gene expression

To understand whether cGAS-STING pathway activation 
plays a role in persistent cells spared by drug treatment, 
we investigated its effect on POU5F1 expression. Treat-
ment with 2′3’-cGAMP induced a significant upregulation 
of both IFNB1 as a positive control and POU5F1 mRNA 
expression levels (Fig. 4A). The increment of OCT4 protein 
expression after 2′3’-cGAMP treatment was also confirmed 

by flow cytometry (Fig. 4B). The functional readout of this 
upregulation was investigated using sphere-forming and 
growth assays in the presence or absence of 2′3’-cGAMP. 
DMR and S018 cells were unable to grow in sphere-forming 
conditions (data not shown), whereas HT-1080 cells showed 
a significant increase in growth as spheroids when treated 
with 2′3’-cGAMP, compared to untreated controls (Sup-
plementary Figure S4A–C). To confirm this evidence, we 
tested the colony growth ability of HT-1080 cells treated 
with 2′3’-cGAMP, showing a significantly higher number 
of colonies compared to untreated controls (Supplementary 
Figure S4D).

In addition, after verifying the expression of IFNβ recep-
tors (IFNAR1/2) in sarcoma cells (Supplementary Fig-
ure S5A-B), we directly treated sarcoma cells with IFNβ, 
showing a dose-dependent OCT4 upregulation at both the 
mRNA and protein levels (Fig. 4C–D). To further validate 
the role of IFNβ in the control of OCT4 expression, we 
inhibited its production by silencing IFNB1 gene expression 
in three cell lines (Supplementary Figure S5C), showing a 
significant decrease in POU5F1 mRNA expression in IFNβ-
silenced cells compared to siCTRL cells (Fig. 4E). Moreo-
ver, we treated the 3 cell lines with an IFNβ-neutralizing 

Fig. 2   Transcriptionally modulated genes and pathways in olaparib, 
trabectedin, and combination-treated sarcoma models. A Venn dia-
gram showing genes differentially expressed in trabectedin, olaparib, 
and combination-treated cells in comparison with untreated ones. B 

Heatmap of the differentially expressed genes in DMR, HT-1080, and 
S018 cells, and DMR xenografts (CLX) after 72-h and 21-day drug 
treatment, respectively. C Functional enriched terms within the list of 
upregulated (top) and downregulated (bottom) genes
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antibody, observing a significant reduction of POU5F1 
mRNA expression, compared to the untreated control 
(Fig. 4F). In addition, we investigated the role of the IFNβ 
downstream pathway in the control of OCT4 expression. 
Treatment with IFNβ induced the phosphorylation of TBK1 
(S172) and IRF3 (S396) (Fig. 4G), suggesting a feedfor-
ward loop. Moreover, by using the JAK1 inhibitor itacitinib, 
which inhibited the 2′3’-cGAMP and IFNβ-induced STAT1 
phosphorylation (Y701) as expected (Supplementary Fig-
ure S5D-E), we observed the reduction of the IFNβ-induced 
TBK1 and IRF3 phosphorylation (Fig. 4G). Consequently, 
the 2′3’-cGAMP and IFNβ-induced POU5F1 mRNA and 
protein upregulation were significantly reduced by adding 
itacitinib (Fig. 4H–I).

To further elucidate the regulation of OCT4 expression, 
we explored whether POU5F1 gene transcription could be 
directly activated by the transcription factor IRF3. ChIP 
assay showed that treatment with 2′3’-cGAMP significantly 
induced binding of IRF3 to the promoter regions of POU5F1 
as well as IFNB1, used as positive control (Fig. 4J). To vali-
date the role of IRF3 in the control of OCT4 expression after 
drug treatment, we silenced IRF3 gene expression in three 
cell lines. The siIRF3 significantly reduced IRF3 mRNA 
expression under all treatment conditions (Supplementary 
S5F). Notably, POU5F1 mRNA expression in IRF3-silenced 
cells was significantly reduced compared with siCTRL-
treated cells. Moreover, silencing of IRF3 also reduced 
POU5F1 expression in drug-treated cells (trabectedin, 
olaparib, and combination) (Fig. 4K).

To explain why OCT4 upregulation in combination-
treated cells was significantly lower than that in trabectedin-
treated cells, even though cGAS-STING was activated, we 
assessed OCT4 expression in the presence of 2′3’-cGAMP 
and olaparib. Notably, PARP1 inhibition counteracted 
2′3’-cGAMP-induced POU5F1 mRNA upregulation 

(Fig. 5A), evoking the effects observed in trabectedin-olapa-
rib combination-treated cells. To further validate these find-
ings, we measured OCT4 expression after PARP1-silencing 
and overexpression. Stably PARP1-silenced (shPARP1) 
402.91 and PARP1-overexpressing (overPARP1) SW684 
cells displayed a lower and higher OCT4 expression, respec-
tively, if compared to their parental counterpart (Fig. 5B). In 
addition, the treatment with 2′3’-cGAMP induced a signifi-
cant mRNA upregulation of IFNB1, but not of POU5F1, in 
402.91 shPARP1 cells (Fig. 5C).

The cGAS‑STING‑IRF3‑IFNβ pathway activation 
increases the NKG2DLs

Since previous findings showed that the cGAS–STING 
pathway upregulates NK/CIK-activating ligand expression 
[21, 48, 49], we investigated whether treatment with the tra-
bectedin–olaparib combination induces a similar effect. The 
mRNA expression of MICA/B and ULBPs was upregulated 
by the combination in all seven sarcoma cell lines, compared 
to untreated controls and single agents (Fig. 6A). Similar 
results were obtained in vivo in combination-treated DMR 
xenografts (Fig. 6A). Moreover, the NKG2DL modulation 
was validated at the protein level in three cell lines (Fig. 6B).

To confirm the involvement of the cGAS–STING path-
way in drug-induced NKG2DL upregulation, we inhibited 
its activation by silencing IRF3, a key downstream effect. 
In IRF3-silenced cells, the drug-induced IFNβ production 
(Supplementary Figure S6A) and the NKG2DL mRNA 
upregulation were impaired (Fig. 6C–E). These findings 
were also validated at the protein level in HT-1080 cells, 
where IRF3 silencing significantly impaired the NKG2DL 
upregulation induced by trabectedin and combination treat-
ments (Supplementary Figure S6B). In addition, the direct 
treatment with IFNβ significantly increased the NKG2DL 
mRNA expression, compared to untreated controls (Fig. 6F).

NK/CIK lymphocytes exert antitumor activity 
against both bulk and OCT4+ cell fractions

Since activation of the cGAS–STING pathway enhanced 
NKG2DL expression in sarcoma cells following trabect-
edin–olaparib treatment, we next evaluated the antitumor 
activity of NK/CIK cells after drug exposure. Notably, 
NK-92 and CIK cells (immunophenotype detailed in Supple-
mentary Figure S7) exhibited robust killing activity in three 
out of three cell lines, at the lowest effector:target ratio (1:12 
for NK and 1:1 for CIK) after trabectedin-olaparib com-
bination pretreatment, compared to the other pretreatment 
conditions (Fig. 7A-B). This potentiation was further vali-
dated using crystal violet staining. Both NK and CIK cells 
significantly decreased tumor cell growth after pretreatment 
with the combination compared to the other pretreatment 

Fig. 3   Activation of cGAS-STING cytosolic dsDNA sensing path-
way in trabectedin, olaparib, and combination-treated sarcoma mod-
els. A Representative immunofluorescence of cytosolic dsDNA in 
DMR, HT-1080, and S018 cells, and DMR xenografts after 24-h and 
21-day drug treatment, respectively. Scale bar = 10 µm (cell lines) and 
20 µm (DMR-CLX). B Quantification of occupied cell area by cyto-
solic dsDNA spots. C Real-time PCR analysis of STING, TBK1, and 
IRF3 mRNA expression levels (fold change vs. NT) in cell lines and 
xenografts after 72-h and 21-day drug treatment, respectively (n = 4). 
D Representative western blot analyses of P-TBK1 (Ser172), TBK1, 
P-IRF3 (Ser396), IRF-3, and vinculin after 72-h drug treatment. E 
Quantification of phosphorylated and total protein band intensity ratio 
normalized to vinculin as housekeeping. F ELISA of IFNβ produc-
tion in DMR, HT-1080, and S018 cells after 72-h drug treatment. 
NT = untreated, TR = trabectedin-treated, OL = olaparib-treated, 
CB = combination-treated models. Data are shown as mean ± stand-
ard deviation (n = 3; * p < 0.01, ** p < 0.01, *** p < 0.001, **** 
p < 0.0001 vs. untreated; # p < 0.05, ## p < 0.01, ### p < 0.001, #### 
p < 0.0001 vs. trabectedin; † p < 0.05, †† p < 0.01, ††† p < 0.001, 
†††† p < 0.0001 vs. olaparib)

◂
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conditions (Fig. 7C). Next, we functionally validated the 
role of the cGAS-STING pathway in boosting the NK/
CIK-killing activity. Blocking cGAS-STING activation by 
IRF3 silencing significantly reduced the antitumor activity 
of sequential treatment with trabectedin-olaparib combina-
tion followed by NK or CIK cells (Fig. 7D–E). Finally, we 
investigated whether the OCT4+ population, enriched after 
drug treatment, might be killed by NK and CIK cells. We 
observed that both NK-92 (effector-target ratio 1:12) and 
CIK (effector-target ratio 1:1) significantly decreased the 
OCT4+ fraction in trabectedin and combination-pretreated 
cells (Fig. 7F).

Discussion

Conventional therapies, including chemotherapy, radiother-
apy, and targeted agents, are effective against the bulk of 
tumor cells; however, they fail to eradicate subpopulations 
endowed with cancer stemness features, which are key driv-
ers of disease relapse and metastatic progression [50–52]. 
Innovative treatment strategies must therefore aim to specifi-
cally target these persistent tumor cells. The transcription 
factor OCT4 has a role in cancer maintenance and resistance 
to anticancer therapy, thus its expression was studied to char-
acterize persistent cells [5]. Our group previously reported 
that the OCT4+ cell fraction increases after chemotherapy 
with doxorubicin and targeted therapy with sorafenib or 

pazopanib in several sarcoma histotypes [9]. Moreover, 
we studied the antitumor activity of the alkylating agents 
trabectedin and the PARP1 inhibitor olaparib, observing 
variable degrees of synergism against advanced sarcomas 
in preclinical and clinical settings [10, 11]. However, half of 
the treated patients did not benefit from the combination, and 
progression or relapse occurred. In this study, we evaluated 
the phenotype of persistent cells that survived trabectedin 
and olaparib treatment across a panel of sarcoma histotypes 
(leiomyosarcoma, chondrosarcoma, fibrosarcoma, undif-
ferentiated pleomorphic sarcoma, and liposarcoma). We 
focused on monitoring the expression of the OCT4 marker 
and investigated the molecular mechanisms underlying its 
regulation, showing that treatment with trabectedin, but not 
olaparib, significantly increased OCT4 expression in surviv-
ing cells. The enrichment of the OCT4⁺ cell fraction sug-
gests that tumor cells persisting after drug treatment acquire 
cancer stem-like properties, including enhanced resistance 
to therapy, thereby increasing the risk of disease recurrence 
[6–8]. Notably, PARP1 plays a central role in maintaining 
cell pluripotency and stemness-like features, and its inhi-
bition reduces the tumorigenic potential of this treatment-
resistant population [13, 53–56]. In line with this, our results 
showed that olaparib counteracts trabectedin-induced OCT4 
upregulation in sarcoma cell lines. To elucidate the molec-
ular mechanism induced by drugs, we took advantage of 
transcriptomic analysis, which showed that genes involved 
in genotoxicity stress and cellular response to DNA dam-
age were significantly modulated by the combination of tra-
bectedin and olaparib. Previous studies have suggested the 
implications of trabectedin and its derivatives in genotox-
icity stress, transcription-dependent replication stress, and 
genome instability [57–59]. Moreover, by directly blocking 
PARP1, olaparib impairs the DNA damage response [60] 
and, in combination with trabectedin, can synergistically 
perpetuate DNA damage [10]. The global modulation of 
413 genes induced by the combination, but not by single 
agents, confirmed the effective drug synergism in these cell 
lines. Here, we showed that the perpetuation of DNA dam-
age leads to the accumulation of cytosolic dsDNA, trigger-
ing the cGAS-STING pathway, activating the transcription 
factor IRF3, and eventually promoting IFNβ production in 
surviving sarcoma cells. Direct IFNβ treatment activates the 
cGAS–STING pathway, unveiling a feedforward molecular 
mechanism that enhances OCT4 expression. This finding 
supports previous evidence of the cancer-promoting effects 
of type I interferons [23, 61–63]. We showed that IRF3 spe-
cifically binds to the POU5F1 promoter region and directly 
stimulates gene transcription in response to cGAS-STING 
pathway activation in sarcoma cells. The upregulation of 
OCT4 expression promotes cancer stemness and poses a 
risk for long-term relapse. In addition, we confirmed the 
involvement of PARP1 in the control of cancer stemness. 

Fig. 4   cGAS-STING-IFNβ pathway controls OCT4 expression. A 
Real-time PCR analysis of IFNB1 and POU5F1 mRNA expres-
sion level (fold change) after 6 h of 2′3’-cGAMP treatment. B Flow 
cytometry analysis of OCT4+ cells after 24 h of 2′3’-cGAMP treat-
ment. C–D Real-time PCR of POU5F1 mRNA expression level 
(fold change) and flow cytometry analyses of OCT4+ cells after 
24  h of IFNβ treatments. E Real-time PCR analysis of POU5F1 
mRNA expression level (fold change vs. siCTRL) in siCTRL and 
siIFNB1-transfected cells. F Real-time PCR analysis of POU5F1 
mRNA expression level (fold change) after α-IFNβ neutralizing 
antibody. G Western blot analysis and protein band intensity quan-
tification of P-TBK1(Ser172), TBK1, P-IRF3(Ser396), IRF3 and 
vinculin after IFNβ treatment, as single agents or in combination 
with itacitinib. H–I Real-time PCR of POU5F1 mRNA expression 
(fold change) and flow cytometry analyses of OCT4 in cells treated 
with 2′3’-cGAMP or IFNβ, as single agents or in combination with 
itacitinib. J q-PCR of IFNB1 and POU5F1 promoter regions fol-
lowing ChIP with IRF3 antibody in HT-1080 cells treated with 2′3'-
cGAMP. K Real-time PCR analyses of POU5F1 mRNA expression 
level (fold change vs. siCTRL NT) in siCTRL and siIRF3-transfected 
cells after 24-h drug treatment. siCTRL = control siRNA-transfected 
cells, siIFNB1 = IFNB1-silenced cells, siIRF3 = IRF3-silenced cells, 
NT = untreated, TR = trabectedin-treated, OL = olaparib-treated, 
CB = combination-treated cells, ITA = itacitinib. Data are shown 
as mean ± standard deviation (n = 3, *p < 0.05, ** p < 0.01, *** 
p < 0.001, **** p < 0.0001 vs. untreated; # p < 0.05, ## p < 0.01, ### 
p < 0.001, #### p < 0.0001 vs. ITA; †† p < 0.01, †††† p < 0.0001 vs. 
IFNβ; $$ p < 0.01, $$$ p < 0.001 vs 2′3'-cGAMP; ◆ p < 0.05, ◆◆ 
p < 0.01, ◆◆◆ p < 0.001 ◆◆◆◆ p < 0.0001 vs. siCRTL)

◂



	 Cancer Immunology, Immunotherapy (2025) 74:312312  Page 12 of 18

Notably, cells overexpressing PARP1 exhibit higher levels of 
OCT4 compared to their parental counterparts. Conversely, 
PARP1 silencing via shRNA or inhibiting its enzymatic 
activity with olaparib counteracts the OCT4 upregulation 
induced by cGAS–STING pathway activation. The apparent 
contradiction of the PARP1 role in controlling OCT4 may 
be explained by its non-canonical, transcriptional regulatory 
functions, beyond its classical role in DNA repair. Several 
studies have highlighted that PARP1 influences gene tran-
scription by poly-ADP-ribosylating or interacting with tran-
scription factors, chromatin remodelers, and directly RNA 
polymerase II [64–66]. Focusing on POU5F1 regulation, it 
has been shown that PARP1 directly binds to the epigenetic 
factor PHF20 at the promoter region of POU5F1, activating 
its transcription in neuroblastoma cells [67]. Moreover, the 
activation of the cGAS-STING pathway in sarcoma cells 
spared by the trabectedin-olaparib combination upregu-
lates the NK/CIK activating ligand expression, as shown by 

functional assays after IRF3 silencing or direct IFNβ treat-
ment, adding further insights into the complex regulation of 
the crosstalk between innate immunity and cancer [20–22, 
68]. Future studies analyzing tumor samples from trabect-
edin-olaparib treated sarcoma patients will provide deeper 
insights into the evoked molecular mechanisms, particularly 
regarding the balance between sustaining cancer stemness 
and immunomodulating effects. Moreover, the results of the 
exploratory translational analyses from our ongoing phase II 
clinical trial (NCT03838744) will be instrumental in validat-
ing an immunomodulatory signature to help identify patients 
most likely to benefit from the proposed sequential adoptive 
cell therapy strategy.

Herein, we demonstrated, for the first time, the 
enhanced antitumor activity of NK and CIK cells against 
sarcoma cells pretreated with the trabectedin-olaparib 
combination, as well as the loss of this efficacy when the 
cGAS-STING-IRF3-IFNβ pathway is impaired. Notably, 

Fig. 5   PARP1 is involved in 
IFNβ-mediated OCT4 regula-
tion. A Real-time PCR analyses 
of POU5F1 mRNA expression 
level (fold change vs untreated) 
after the treatment with 2′3’-
cGAMP, and olaparib, as single 
agents or in combination, in 
HT-1080 cell lines. B Repre-
sentative western blot analysis 
and protein band intensity 
quantification of OCT4 and 
β-ACTIN in 402.91 WT, 402.91 
shPARP1, SW684 WT, and 
SW684 overPARP1 cell lines. 
C Real-time PCR analyses of 
POU5F1 mRNA expression 
level (fold change vs untreated) 
after the treatment with 2′3’-
cGAMP in 402.91 wild type 
and stably PARP1-silenced 
cell lines. NT = untreated, 
OL = olaparib. WT = wild type. 
shPARP1 = PARP1-silenced; 
overPARP1 = PARP1-overex-
pressing. (n = 3, *p < 0.05, ** 
p < 0.01, *** p < 0.001, **** 
p < 0.0001 vs. untreated; ††† 
p < 0.001, vs. olaparib-treated 
cells; ## p < 0.01 vs.2′3’-
cGAMP)
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Fig. 6   cGAS-STING-IRF3-
IFNβ pathway controls 
NKG2DL expression. A 
Real-time PCR analyses of 
NKG2DL mRNA expression 
(fold change vs. NT) in seven 
sarcoma cell lines and DMR 
xenografts (DMR-CLX) after 
72-h and 21-day drug treat-
ments, respectively. B Flow 
cytometry analyses of NKG2DL 
protein expression on the 
plasma membrane of sarcoma 
cell lines after 72 h of drug 
treatment. C–E Real-time PCR 
analysis of NKG2DL mRNA 
expression level (fold change 
vs. siCTRL NT) in siCTRL and 
siIRF3-transfected cells after 
24-h drug treatment in DMR, 
HT-1080, and S018 cell lines, 
respectively. F Real-time PCR 
analysis of NKG2DL mRNA 
expression level (fold change vs. 
NT) after 24-h IFNβ treatment. 
siCTRL = control siRNA-
transfected cells, siIRF3 = IRF3-
silenced cells, NT = untreated, 
TR = trabectedin, OL = olaparib, 
CB = combination. Data are 
shown as mean ± standard 
deviation (n = 3; * p < 0.05, 
** p < 0.01, *** p < 0.001, 
**** p < 0.0001 vs. untreated; 
# p < 0.05, ## p < 0.01, ### 
p < 0.001, #### p < 0.0001 
vs. trabectedin; † p < 0.05, †† 
p < 0.01, ††† p < 0.001, †††† 
p < 0.0001 vs. olaparib; ◆ 
p < 0.05, ◆◆ p < 0.01, ◆◆◆ 
p < 0.001 ◆◆◆◆ p < 0.0001 
vs. siCRTL)
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we showed that NK and CIK cells effectively targeted and 
killed both bulk tumor cells and persistent OCT4+ cell 
populations. Therefore, our findings endorse the use of 
NK/CIK-based immunotherapy to target sarcoma cells 
that survive drug treatments, consistent with prior evi-
dence from other cancer types [69–71]. These promising 
results support further investigation of a therapeutic strat-
egy with trabectedin-olaparib combination, followed by 
sequential treatment with NK/CIK lymphocytes. In vivo 

preclinical studies will be essential to further support the 
applicability of this strategy. Xenograft models in immu-
nodeficient mice provide a useful platform to evaluate the 
direct antitumor effects of adoptive NK/CIK cells. How-
ever, the lack of a fully humanized immune system and an 
intact tumor microenvironment limits the ability to assess 
potential interactions between adoptive immune cells and 
host immune or stromal components. Therefore, immu-
nocompetent in vivo preclinical models and ultimately, 
dedicated clinical trials will be necessary to fully elucidate 
the complex crosstalk between adoptive NK/CIK cells and 
the patient’s immune microenvironment.

In conclusion, activation of the cGAS-STING pathway 
promotes the enrichment of OCT4+ persistent cells while 
simultaneously increasing the expression of NK/CIK activat-
ing ligands (Fig. 8). This highlights the dual-edged nature 
of cGAS-STING pathway modulation, underscoring the 
need for careful therapeutic targeting to balance the ben-
eficial triggering of anti-tumor immunity and potentially 
detrimental pro-tumorigenic effects. However, the effective 
NK/CIK-mediated killing of both the bulk and OCT4 + per-
sistent cells following trabectedin-olaparib treatment, sup-
ports the therapeutic potential of this innovative sequential 
chemo–targeted–immune approach in advanced sarcomas 
and warrants further investigation.

Fig. 7   NK/CIK antitumor activity against persistent sarcoma 
cells. A–B Killing activity of NK-92 (1:12, 1:3, 1:1 effector:target 
ratio) and CIK (1:1, 2.5:1, 10:1 effector:target ratio) against DMR, 
HT-1080, and S018 cells after 72-h pretreatment with trabectedin 
and olaparib as a single agent and in combination. C Representative 
crystal violet growth assay of HT-1080 cells, after 72-h drug pretreat-
ment, co-cultured with NK-92 (1:12 effector:target ratio), or CIK (1:1 
effector:target ratio) and relative quantification. D–E Killing activ-
ity of NK-92 (1:1 effector:target ratio) or CIK (10:1 effector:target 
ratio) after 24-h drug pretreatment of IRF3-silenced cells. F Flow 
cytometry analysis of OCT4+ cells after 72-h drug pretreatment in 
sarcoma cells co-cultured with NK-92 (1:12 effector:target ratio) 
or CIK (1:1 effector:target ratio). siCTRL = control siRNA-trans-
fected, siIRF3 = IRF3-silenced, NT = untreated, TR = trabectedin-
pretreated, OL = olaparib-pretreated, CB = combination-pretreated 
cells. Data are shown as mean ± standard deviation (n = 3; *p < 0.05, 
** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. untreated; # p < 0.05, 
## p < 0.01, ### p < 0.001 vs. trabectedin; † p < 0.05, †† p < 0.01, ††† 
p < 0.001, †††† p < 0.0001 vs. olaparib ◆ p < 0.05, ◆◆ p < 0.01, 
◆◆◆ p < 0.001, ◆◆◆◆ p < 0.0001 vs. siCRTL; ▲ p < 0.05, 
▲▲ p < 0.01, ▲▲▲ p < 0.001, ▲▲▲▲ p < 0.0001 vs. 0:1 
effector:target ratio)

◂

Fig. 8   Summary of the molecular mechanism underneath the cGAS-
STING pathway modulation of OCT4 and NKG2L expression. The 
direct treatment with trabectedin-olaparib (1) activates the cGAS-
STING pathway through TBK1 and IRF3 phosphorylation (2), lead-
ing to IFNB1 mRNA expression (3) and IFNβ secretion (4). The 
binding of IFNβ to IFNAR1/2 receptor (5) activates its downstream 

signaling and the feedforward activation of the cGAS-STING path-
way (6). As a double-edged effect, it causes A the upregulation of 
OCT4 (7A) that contributes to cancer strengthening (8A) and, simul-
taneously, B the pro-therapeutic upregulation of NKG2DLs (7B), 
boosting the NK/CIK immunotherapy (8B)
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