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rAbstract ]

Soft tissue sarcoma (STS) is a predominantly fatal rare malignancy with inadequate treatment options. Glycogen syn-
thase kinase 3 (GSK-33) is an emerging target in human malignancies. Its therapeutic relevance in STS is unknown.
We analyzed the prognostic impact of GSK-33 gene and protein expression in two independent cohorts of patients
with STS. We then treated STS cell lines and mice xenografts with a novel GSK-3 inhibitor 9-ING-41 alone or in com-
bination with chemotherapy. We demonstrated that 9-ING-41 treatment induced significant STS cells apoptosis and
was synergistic in vivo when combined with chemotherapy. Mechanistically, 9-ING-41 induces significant apoptosis of
STS cells via suppression of NF-kB-mediated X-linked inhibitor of apoptosis protein (XIAP) expression. These data sup-
port the inclusion of patients with STS in clinical studies of 9-ING-41 alone and in combination with chemotherapy.
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To the Editor

The prognosis of patients with advanced STS is
extremely poor with a median overall survival of less than
18 months [1, 2]. Identification of new therapeutic strate-
gies is therefore an important medical need.

Glycogen synthase kinase-3f (GSK-3p) has been shown
to play an important role in tumor progression particu-
larly through the modulation of oncogenes, cell cycle
regulators and mediators of epithelial-mesenchymal
transition [3]. Recent studies have also demonstrated
that aberrant overexpression of GSK-3f3 promotes tumor
growth and chemotherapy resistance in various solid
tumors including pancreatic, colorectal and prostate can-
cer through differential effects on pro-survival NF-xB
and c-Myc pathways as well as on TNF-related apopto-
sis-inducing ligand (TRAIL) and p53-mediated apop-
totic mechanisms [4—6]. GSK-3f represents therefore an
important therapeutic target in human malignancies.
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9-ING-41 is a small molecule potent selective GSK-3
inhibitor with antitumor activity in several epithelial
tumor models as shown by the interim results of the first
clinical trial reported in patients with refractory cancers.
Five other phase 2 clinical trials are ongoing in salivary
gland carcinoma, myelofibrosis, pancreatic adenocarci-
noma and pediatric patients with advanced malignan-
cies (https://clinicaltrials.gov/ct2/results?cond=&term=
9ING41&ecntry=_&state=&city=&dist=) [7-9]. We
report here the first study investigating the therapeutic
potential of GSK-3p targeting with 9-ING-41 in STS (see
Additional file 1: Methods).

We first used the Gene Expression Profiling Interac-
tive Analysis (GEPIA), a web-based interactive database
that compiles the standardized analysis of RNA-Seq
data from 9736 tumors and 8587 normal samples based
on The Cancer Genome Atlas (TCGA) and Genotype-
Tissue Expression (GTEx) databases. We found that
high GSK3f gene expression was significantly associ-
ated with worse disease-free survival (log-rank test,
p=0.0088, Additional file 1: Fig. 1). To confirm the
prognostic value of GSK3p expression, we analyzed by
immunohistochemistry a series of 402 patients with
STS (Fig. 1A and Additional file 1: Tables 1 and 2). We
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Fig. 1 A Examples of GSK3[ staining intensity in soft tissue sarcomas. GSK3 was evaluated semi-quantitatively including percentage (0-100%) and
intensity (0=null, 1 =low, 2=moderate, 3 =strong). B Kaplan-Meier curves of metastases-free survival in 402 patients with soft tissue sarcomas
according to GSK3 expression (blue line: low expression, < 50% of tumor cells n=296; green line: high expression: > 50% of tumor cells n=106).

C Kaplan-Meier curves of metastases-free survival in 268 patients with grade 3 soft tissue sarcomas according to GSK3[ expression (blue line: low
expression, < 50% of tumor cells n=200; green line: high expression: > 50% of tumor cells n=68)

observed positive expression of GSK3p in 220 (54.7%)
cases. High expression of GSK3p (>50% of tumor
cells) was significantly associated with poor prognosis
(median metastases-free survival 139 months versus
not reached, p=0.02, Fig. 1B) supporting the hypoth-
esis that GSK3p may represent a potential therapeutic
target. As shown in Fig. 1C, GSK3p protein expression
provided extra information to further refine the prog-
nosis of patients besides histological grade which is
considered the most significant predictor of outcome.

9-ING-41 is a first-in-class, maleimide-based small
molecule potent selective GSK3p inhibitor that has
recently entered into clinical development. To examine
its antitumor effect on STS, a panel of 20 STS cell lines
were plated and treated with increasing concentrations
of 9-ING-41 for 72 h. We showed that pharmacological
inhibition of GSK3B by 9-ING-41 suppressed the via-
bility of all the 20 STS cell lines encompassing several
histological subtypes with IC50 values ranging from 0.1
to 0.6 uM (Additional file 1: Table 3, Additional file 1:
Fig. 2A).

Then, we demonstrated that 9-ING-41 suppresses cell
viability through induction of apoptosis in a large panel
of STS in vitro by using annexin V/PI, and immunoblots
of apoptotic markers such as phospho-yH2AX, cleaved-
Caspase-3 and cleaved-PARP confirming the phenotype
of significant cell death in 9-ING-41-treated cells (Addi-
tional file 1: Figs. 2B and 3).

GSK3p controls many cellular process including the
survival NF-kappaB pathway. Therefore, we assessed by
Western blot the activation of the IkB kinase (IKK), a key
protein involved in the translocation of NF-kappaB to the
nucleus. As shown in Additional file 1: Fig. 4, the phos-
phorylation of IKKa/p at serine 176/177 is decreased
after 24 h of 9-ING-41 treatment in different STS cell
lines suggesting an inhibition of the NF-«kB pathway. To
confirm these results, the expression of three NF-«B
target genes involved in anti-apoptotic effect, Bcl-2, Bcl-
XL and XIAP, was examined. Although immunoblots
revealed no significant changes in expression of Bcl-2
and Bcl-XL, XIAP expression was reduced in almost all
cell lines tested (Additional file 1: Fig. 4). These data sug-
gest that 9-ING-41 induces apoptosis in STS cell lines
through the inhibition of NF-kB pathway and a subse-
quent decreased expression of the anti-apoptotic gene
XIAP.

We next evaluated the effect of 9-ING-41 in vivo by
using the IB115 liposarcoma model. Mice were rand-
omized in 4 groups and treated by intraperitoneal injec-
tion with vehicle, 9-ING-41, doxorubicin (the standard
of care for STS) or combination of both drugs. As shown
in Fig. 2, the tumors expanded aggressively in vehi-
cle-treated animals, whereas in monotherapy a slight
decrease of tumor growth was observed for 9-ING-41- or
doxorubicin-treated mice. On the other hand, the combi-
nation treatment caused a significant decrease in tumor
growth suggesting that 9-ING-41 can potentiate the
effect of doxorubicin even with a low dose of chemother-
apy without significant signs of toxicity as shown by the
stable body weight of the mice (Fig. 2B).

By analyzing two large independent data sets, we show
here than GSK3p expression both at the gene and protein
expression level is associated with increased risk of meta-
static relapse and adverse outcome in STS patients sug-
gesting an important role in sarcoma tumorigenesis and
a potential role as a therapeutic target. Moreover, instead
of using the commercially available toolkit GSK-3f3
inhibitors, which are not amenable for clinical studies,
we decided here to investigate 9-ING-41, a first-in-class
GSK-3pB inhibitor which has recently entered clinical
development in cancer patients. Preclinical studies have
shown that 9-ING-41 induces significant apoptosis of
cancer cell survival via suppression of NF-kB-mediated
B cell lymphoma 2 (Bcl-2) and XIAP expression in leu-
kemia and solid tumors [10, 11]. The NF«B transcrip-
tion factor family is a highly conserved group of proteins
playing an important role in the regulation of the cell
physiology such as differentiation, apoptosis and sur-
vival. Pharmacological NF«B inhibition has been shown
to reduce cell growth in a spectrum of soft tissue sar-
comas [12]. Here, we have shown that 9-ING-41 led to
a decreased expression of the antiapoptotic molecule,
XIAP, and resulted in an increased apoptosis as shown by
PARP cleavage and caspase activation assay in STS cells.
This suggests that 9-ING-41 may represent a candidate
for the targeted therapy of STS. 9-ING-41 is currently
under investigation as a single agent and in combination
with chemotherapy in cancer patients with advanced dis-
ease [13]. Preliminary results have shown a good safety
profile and promising early signs of clinical activity in
several solid tumors including melanomas and pancreatic
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Fig. 2 In vivo effect of GSK3 inhibitor 9-ING-41 in soft tissue sarcoma. IB115 liposarcoma cells were xenografted in NSG mice. Once tumors
reached 100mm? (day 17), mice were treated either with placebo (9 mice) or with two injections of 9-ING-41 at 70 mg/kg (orange arrow, 7 mice) or
one injection of Doxorubicin at T mg/kg (blue arrow, 6 mice) or both drugs (6 mice). Tumor growth (A) and mice body weight (B) were monitored
until day 38 and analyzed with GraphPad prism software using two-way ANOVA test and Bonferroni post-hoc test (***p < 0.001). Combination
treatment of 9-ING-41 and doxorubicin reduces significantly tumors volume

cancers. Based on these results, a clinical trial investigat-
ing 9-ING-41 in sarcoma patients will be conducted.
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