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Abstract

Introduction: Soft tissue sarcomas (STSs) are a group of rare
malignancies with limited treatment options and a persis-
tent lack of effective therapies. Despite the heterogeneous
nature of STS, the canonical WNT/B-catenin signalling
pathway has been associated with sarcomagenesis and also
with the initiation and progression of other cancers.
Methods: Eight patient-derived primary cultures repre-
senting different STS histological subtypes were charac-
terized by immunohisto(cyto)chemistry, WNT/B-catenin
activation and next-generation sequencing. Results: Ele-
vated levels of active phospho-B-catenin and its nuclear
localization were found in all STS primary cultures, with
heterogeneous downstream WNT signalling activation.
Genomic analysis of matched STS tumours identified
pathogenic or likely pathogenic genetic variants in crucial
signalling pathways, including WNT, DNA damage repair,
and PI3K/AKT/mTOR-MAPK pathways. Interestingly, 50% of

STS tumours studied carried genetic variants in PIK3CA and
PTEN genes with potential clinical significance, listed as
predictive biomarkers of response to specific drugs (FDA
level 3). Conclusions: This study provides valuable insights
into WNT signalling vulnerabilities in STS, offering a foun-
dation for the development of targeted therapeutic strat-
egies and the identification of potential biomarkers for
personalized treatment approaches in this challenging

group of malignancies. ® 2025 S. Karger AG, Basel

Introduction

Soft tissue sarcomas (STSs) are rare malignant tu-
mours of mesenchymal origin with over 70 histological
subtypes, comprising less than 1% of all adult cancer
[1, 2]. Despite increased incidence since the 1990s, STS
mortality rates have remained unchanged, indicating a
lack of effective treatments [3]. Currently, surgery is the
mainstay of localized STS treatment, accompanied by
radiotherapy or/and chemotherapy [4]. Although only
15% STS present metastasis at diagnosis, distant relapses
are very frequent in high-grade tumours [5, 6]. For at least
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40 years now, doxorubicin still remains the standard first-
line treatment for advanced STS [4, 7]. STS heterogeneity
[1] and genomic and molecular complexity [8-10] rep-
resent big challenges to develop personalized STS
treatment. Identifying biomarkers that reflect functional
tumour alterations is a crucial need to guide future
therapeutic strategies in STS.

The canonical WNT/B-catenin signalling pathway is
an evolutionarily conserved pathway involved in cell cycle
regulation, cellular proliferation, and differentiation [11,
12]. Aberrant activation of this pathway has been linked
to cancer initiation and progression [13-15]. In some
adenocarcinomas, WNT hyperactivation is often due to
mutations in key regulators of the pathway, such as APC,
CTNNBI (p-catenin), AXINI or AXIN2 [15-21]. Al-
though aberrant activation of the WNT/B-catenin
pathway has been demonstrated in STS [22-24], it is not
typically linked to these mutations. Although studies on
STS are scarce, two clinical trials are evaluating WNT
signalling inhibition in STS patients [25, 26]. In this line,
our group has demonstrated that combining doxorubicin
with the WNT inhibitor foscenvivint (PRI-724) enhances
treatment efficacy in STS cell lines [23, 24].

Most STS studies focused on the WNT signalling
pathway use human immortalized cell lines [22, 23, 27],
which may not accurately represent original tumour
genetics. Thus, using patient-derived primary STS cul-
tures can improve translation of pre-clinical findings.
This study aimed to generate a collection of patient-
derived STS cultures to analyse genetic alterations and
WNT/B-catenin pathway activity, in order to contribute
to the development of novel therapeutic strategies
for STS.

Methods

Primary Tumour Samples

Patients from Son Espases University Hospital
(Palma de Mallorca, Spain) with STS suspicion or
previously biopsy-confirmed STS who underwent
surgical resection of primary, relapsed, or metastatic
tumours were eligible. Fresh tumour samples were
provided by the IdISBa Biobank immediately after
surgical resection. Histological subtypes and tumour
grades were confirmed by an expert pathologist in this
field, according to the latest World Health Organiza-
tion (WHQ) 5th edition classification from 2020 [28]
and the Fédération Nationale des Centres de Lutte
Contre le Cancer (FNCLCC) histological grading sys-
tem [29]. Further details on establishment of tumour-
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derived primary cultures and cell lines are listed in the
online supplementary methods and online supple-
mentary Figure 1 (for all online suppl. material, see
https://doi.org/10.1159/000544933).

Immunohisto(cyto)chemistry

The detection of subtype-dependent STS markers was
carried out at the Pathology Department of Son Espases
University Hospital using the ultraView Universal DAB
Detection Kit and the automated system Ventana®
NexES. Primary antibodies for caldesmon (anti-caldes-
mon E89), desmin (anti-desmin DE-R-11), a-smooth
muscle actin (anti-a-SMA 1A4), cytokeratin 7 (anti-
CK7 SP52), epithelial membrane antigen (anti-EMA E29)
and CD34 (anti-CD34 QBEnd/10) from Ventana Medical
Systems, Inc. were used. Further details and negative
controls for the staining are provided in online supple-
mentary Figure 2.

Western Blotting

Whole-cell extracts were prepared by lysing cells with a
Hielscher UPS50H sonicator (Hielscher Ultrasonics
GmbH, Teltow, Germany) using a lysis buffer [23].
Nuclear and cytoplasmic fractions were obtained using
Nuclear Extract Kit (Active Motif, Waterloo, Belgium)
and following the manufacturer’s instructions. Primary
and secondary antibodies used and corresponding dilu-
tions can be found in online supplementary Table 1. The
intensity of band immunoreactivity was analysed and
quantified with the Odyssey CLx Imaging System and
Image Studio™ from LI-COR.

Immunofluorescence

DAPI (Thermo Scientific™) was used to visualize
the nuclei. Four representative images per well were
taken using the confocal microscope, ZEISS LSM 710
(Carl Zeiss, Germany), with a x40 objective and power
of 512x512 pixels. ZEN Imaging software (Black edi-
tion) was used to quantify p-catenin staining intensity.
Briefly, mean intensity values of the f-catenin channel
in the nuclei (areas with DAPI and f-catenin coloc-
alization) were analysed. Detailed information on
primary and secondary antibodies can be found in
online supplementary methods and online supple-
mentary Table 1.

Transfection and Luciferase Reporter Gene Assay

WNT/B-catenin transcriptional activity was assessed
using Dual Luciferase® Reporter Assay Kit (Promega,
Madison, WI, USA), based on TOPflash/FOPflash re-
porter plasmid system, as described elsewhere [24].
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Quantitative Real-Time PCR

64 ng of RNA were reverse-transcribed into cDNA using
High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems). Subsequent real-time PCR reactions were run
on a CFX96 Real-Time System, C1000 Thermal Cycler
(BIO-RAD) using the following TagMan® probes:
CDC25A (Hs00947994), C-MYC (Hs00153408), CUL4A
(Hs00757716), and CCND! (Hs00765553) (Applied Bio-
systems). Relative gene expression was normalized to f3-2
microglobulin (Hs99999907) using the 2-AACt method [30].

Deciphering WNT Signalling
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(Figure continued on next page.)

Flow Cytometry

Samples were incubated with fluorescence-
conjugated antibodies APC/Cyanine7 anti-human
CD45 (BioLegend, San Diego, CA, USA) and PE
mouse anti-human CDI140a (BD Biosciences, United
States) and measured on a flow cytometer using the BD
system Verse BD FACScan (Coulter Epics XL-MCL;
Beckman Coulter, Fullerton, CA, USA) and FACSuit
software (BD Bioscience, Franklin Lakes, NJ, USA). All
turther details on staining and gating strategy for the
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Fig. 1. a H&E-stained tumour biopsies of the four undifferen-
tiated sarcoma cases alongside their matched Diff-Quik-stained
primary cell cultures (MCP016, MCP021, MCP025, and MCP033
from left to right). Histologically, these neoplasms exhibit pro-
liferation of markedly atypical cells with significant size and
shape variability, diverse cellular morphologies including pleo-
morphic cells, multinucleated cells, spindle-shaped cells, or cells
with intranuclear inclusions. These cells display eosinophilic
cytoplasm, patternless arrangement, with abundant aberrant
mitotic figures, associated inflammatory cellular infiltrates, and
foci of necrosis (not visible in the image). b Histopathological
staining of pleomorphic leiomyosarcoma biopsy and matched
primary culture MCP023. Tumour biopsy and MCP023 cells
showed a-SMA and caldesmon positivity. Desmin was focal
positive in the biopsy and negative in MCP023 cells. ¢ Histo-
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pathological staining of myofibroblastic sarcoma biopsy and
matched primary culture MCP036. Biopsy and MCP036 cells
showed a-SMA and caldesmon positivity. Desmin was focal
positive in the biopsy and negative in MCP036 cells. d On the left,
histopathological staining of synovial sarcoma biopsy and
matched primary culture MCPO037. Positivity for epithelial
markers CK7 and EMA in both tissue biopsy and MCP037 cells
confirmed a compatible diagnosis with synovial sarcoma. On the
right, histopathological staining of dermatofibrosarcoma biopsy
and matched primary culture MCP038. Both showed immu-
noreactivity for CD34. Images were taken with the Olympus
BX41 microscope (DP74 camera). Upper micrographs are
magnified %200 or x400 and lower micrographs are magni-
fied x100 or %200 in a, b, ¢, and d. a-SMA, a-smooth muscle
actin; CK7, cytokeratin 7; EMA, epithelial membrane antigen.
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Table 1. Information related to primary cell cultures obtained from STS patient tumours

Primary  STS subtype Histological Tumour Tumour Age/ Neoadjuvant Recurrence Patient

culture grade source site sex treatment status

MCP016 Undifferentiated High Primary Lower limb 59/F EPI/IFO 3x No Alive
pleomorphic sarcoma

MCP021  Undifferentiated High Metastasis Inguinal 76/  CIS/DXR 2x Yes Exitus
pleomorphic sarcoma lymph M MTX 2x

node

MCP023 Pleomorphic High Primary Upper limb 56/ No No Alive
leiomyosarcoma M

MCP025 Undifferentiated High Primary Pelvis 49/  No No Alive
pleomorphic sarcoma M

MCP033 Undifferentiated sarcoma Intermediate Primary Lower limb 53/ No Yes Alive
fibrous histiocytoma-like M

MCP036 Myofibroblastic sarcoma  Intermediate Primary Lower limb 71/ No Yes Exitus

with high-grade M
areas

MCP037 Monophasic synovial Intermediate-  Primary Lower limb 34/  EPI/IFO 3x No Alive
sarcoma high M

MCP038 Dermatofibrosarcoma Intermediate Primary Abdomen 40/F No No Alive
protuberans

F, female; M, male; EPI/IFO, epirubicin/ifosfamide; x, cycles of chemotherapy; CIS/DXR, cisplatin/doxorubicin; MTX, methotrexate.

detection of the surface markers are provided in online
supplementary methods and online supplementary
Figure 3.

Genomic DNA Isolation and Targeted Sequencing

Tumour tissue sections were selected by an expert
pathologist. Genomic DNA was isolated and purified
tfrom 3 freshly cut sections of FFPE tumour tissues, with a
thickness of 10 pm, using GeneRead™ DNA FFPE Kit
(QIAGEN, Germany) according to the manufacturer’s
instructions. Library construction and target enrichment
was performed using components from QIAseq Targeted
DNA Panels (QIAGEN) and following manufacturer’s
instructions. Libraries were sequenced on NextSeq
500 high-output platform (Illumina) with 800 M paired-
end reads and 2500x mean coverage (based on 2 x 151 bp
paired-end read) following the manufacturer’s user
manual. A detailed list of the analysed genes and more
information can be found in online supplementary
methods and online supplementary Table 2.

Statistical Analysis

All data are expressed as the mean + SEM from n
independent experiments performed in duplicate or
triplicate. One-way analysis of variance followed by

Deciphering WNT Signalling
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Dunnett’s multiple comparison test was used for statis-
tical evaluations. Differences were considered statistically
significant at p < 0.05 and were indicated by: ***p < 0.001,
*¥p < 0.01, and *p < 0.05. All calculations were done by
using GraphPad Prism 8 software (GraphPad Software
Inc., La Jolla, CA, USA).

Results

STS Patient-Derived Primary Cultures

Characterization

The neoplastic origin of cultured cells was confirmed
by comparing histopathological features and immuno-
histochemical STS markers between tumour biopsies and
their matched primary cultures. In both undifterentiated
sarcoma biopsies and STS-derived primary cultures,
neoplastic cells showed pleomorphism, anisocytosis,
anisokaryosis, and multiple nuclei with large nucleoli
(shown in Fig. 1a). Two cell types could be distinguished
only in MCP021 staining, multinucleated giant cells, and
smaller single-nucleus cells, suggestive of being leuko-
cytes because of their size and round well-delimited
nucleus without nucleoli [31]. Curiously, the origin of
MCPO021 is a metastatic tumour sample coming from an
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inguinal lymph node (Table 1), which could explain the
presence of an immune cell population in this primary
culture. Furthermore, flow cytometric analysis was
conducted to evaluate the purity of the established
patient-derived primary cultures and potential cross-
contamination with other cell populations, which is a
common occurrence in primary cultures [32]. The
presence of CD45, a pan-leucocyte marker, and CD140a
(PDGFRa), a cell surface marker typically associated with
fibroblasts and cells of similar origin, was evaluated in
primary cell cultures MCP016, MCP021, and MCP033
(online suppl. Fig. 3). This assessment was conducted as
these cellular subpopulations are commonly observed in
early patient-derived cell cultures. The MCPO016 cells at
passage 16 were found to be CD457/CD140a", indicating
a pure cell culture. In contrast, MCP021 at passage 20
exhibited a predominant population of CD457/CD140a"~
cells (92%), substantiating the presence of leukocytes in
this myxoid culture, and a minor population of CD457/
CD140a™ tumour cells (5%). In the case of the MCP033
culture, 69% of the cells were CD457/CD140a", while the
remaining 31% were CD457/CD140a", indicating the
presence of fibroblastic cells. Accordingly, the MCP033
culture was derived from an undifferentiated sarcoma
fibrous histiocytoma-like tumour (Table 1).

The rest of STS primary cultures also shared common
histopathological features with the parental tumour tis-
sues. Other characteristics of patients, tumour samples,
and their matched primary cell cultures are collected in
Table 1. Besides, expression of a-smooth muscle actin (a-
SMA), a specific myofibroblast marker, caldesmon, a
smooth muscle differentiation marker, and desmin, a
smooth and striated muscle cell marker, were assessed in
MCP023 and MCP036 cells by immunocytochemistry.
Primary cells were positive for a-SMA and caldesmon as
were their respective biopsies and negative for desmin
unlike their biopsies that stained focal positive (shown in
Fig. 1b,c). The focal positivity for desmin observed in
biopsy samples suggests that only a subset of cells within
the tumour tissue expresses this protein, likely repre-

Fig. 2. a Panels show the immunoreactive bands of total and
phosphorylated B-catenin (Ser552) in STS primary cells in rep-
resentative immunoblots. B-actin was used as a loading control.
Columns represent the phosphorylated-p-catenin ratio. Each
column represents mean + SEM of three independent experiments
normalized to SW480 cells (taken as 100%). *p < 0.05 and **p <
0.01 versus SW480 cells. b Panels show the immunoreactive bands
of total B-catenin in representative immunoblots of nuclear and
cytoplasmic fractions of STS primary cells. PARP was used as a
nuclear marker and (-actin as a loading control. Columns rep-
resent nuclear P-catenin normalized to loading control. Each

Deciphering WNT Signalling
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senting the most differentiated cells. These desmin-
positive cells may not survive or proliferate efficiently
under culture conditions, potentially explaining their
absence in immunocytochemistry experiments on pri-
mary cell cultures. The combination of epithelial markers
CK7 and EMA is highly specific for diagnosing synovial
sarcoma [33]. MCP037 cells stained strongly for CK7 and
EMA, confirming the similarity between the synovial
sarcoma tumour and its derived primary culture (shown
in Fig. 1d). Finally, we tested CD34 expression in
MCP038 cells as it is the mainly used diagnostic marker
for dermatofibrosarcoma protuberans [34] and focal
positive immunoreactivity was detected (shown in
Fig. 1d).

Furthermore, cellular authentication of the primary
cultures with their respective tumours of origin was
performed in order to provide a more robust validation of
shared genotypical features. The results demonstrated
matching short tandem repeat profiles between STS
primary cells and paired tumours, with slight karyotype
differences mainly manifested by loss of heterozygosity, a
phenomenon that normally occurs during cell passages
(see online suppl. Table 3).

Assessment of the Functional Status of -Catenin as

the Main Effector of Canonical WNT Signalling

Activation

To study the potential oncogenic activity of f-catenin in
patient-derived STS primary cultures, we analysed the
expression of the active form of P-catenin and its sub-
cellular localization. Protein expression of total B-catenin
and its active form phospho-B-catenin (Ser552) were
detected in all STS primary cultures (shown in Fig. 2a). The
human colorectal carcinoma cell line SW480 with a strong
intrinsic WNT signalling activity [23] was used as a
positive control. All studied STS primary cultures ex-
pressed higher active -catenin levels than that of SW480
cells. The highest amounts of active f-catenin were found
in the undifferentiated sarcoma MCP033, the synovial
sarcoma MCP037 and the dermatofibrosarcoma MCP038

column represents mean + SEM of three independent experiments.
Band immunoreactivity intensities in panels a and b were analysed
and quantified with the Odyssey CLx Imaging System and Image
Studio™ from LI-COR. ¢ Representative immunofluorescence
images of subcellular B-catenin localization in STS-derived pri-
mary cultures taken with the confocal microscope ZEISS LSM 710
at x400 magnification. Scale bars 20 pum. Cells were fixed with
methanol:acetone (1:1) and then incubated with primary antibody
B-catenin (D10A8) (XP Rabbit mAb #8480, Cell Signalling
Technology) and with secondary antibody (Alexa Fluor 488 Goat
a-R A11008, Invitrogen). DAPI was used to visualize the nuclei.
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primary cultures, being 6.3 + 0.9-fold increase in active -
catenin compared to control cells the maximum detected
levels. On the contrary, MCP021 primary culture ex-
pressed lower levels of active p-catenin.

The intracellular localization of -catenin was analysed
by Western blot subcellular fractionation and immuno-
fluorescence. All STS primary cultures showed p-catenin
expression in both nuclear and cytosolic fractions (shown
in Fig. 2b), also confirmed by immunofluorescence results
(shown in Fig. 2c). According to the total P-catenin
quantification in the nuclear fractions, the highest nu-
clear B-catenin levels were found in MCP016, MCP021,
MCP037, and MCP038 cultures (shown in Fig. 2b).
Immunofluorescence images showed nuclear B-catenin
staining in all STS primary cultures (immunofluorescence
quantification range: 25-40 intensity/mm?), with
MCP023 (28 intensity/mm?) and MCP025 (25 intensity/
mm?) showing weaker B-catenin staining (shown in
Fig. 2c). Interestingly, 2 B-catenin staining patterns were
found in the MCP021 cell culture: strong [3-catenin
staining in the nucleus of a subpopulation of large,
elongated cells, and weak or absent nuclear [-catenin
staining in a subpopulation of round cells (shown in
Fig. 2¢). These round cells were initially postulated to be
leukocytes based on their size and round, well-defined
nuclei without nucleoli (online suppl. Fig. 1, 3). Taken
together, these results demonstrate that STS primary
cultures express high levels of active p-catenin and that
this protein is also present in the nucleus, where it can
trigger transcriptional activation of several signalling
pathways, such as the canonical WNT signalling pathway.

Canonical WNT Signalling Pathway Transcription Is

Activated in Some STS Primary Cultures

TCEF/p-catenin-mediated transcriptional activity and
the expression of the WNT target genes CUL4A, CCNDI,
CDC25A, and C-MYC were quantified next. Moderate
increased basal TCF reporter activity was found in STS
primary cell cultures MCP016, MCP021, and MCP023,
similar to our previous results obtained in sarcoma cell
lines [23], but less pronounced than that of SW480 colon
cancer cells (shown in Fig. 3a). In 2 undifterentiated

Fig. 3. a TCF luciferase reporter activity. Confluent cells were
transfected with TOP/FOPflash luciferase reporter plasmids.
Luciferase reporter activities were measured 24 h after trans-
fection and normalized to Renilla luciferase activities. Results are
represented as the ratio of TOP/FOP luciferase activity. Each
column represents mean + SEM of two independent experiments
performed in triplicate. The human colorectal carcinoma SW480
cell line was used as positive control. b Expression analysis of

Deciphering WNT Signalling
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sarcoma-derived primary cultures, MCP016 and
MCP021, basal levels of CUL4A, CDC25A, and C-MYC
were higher than those expressed in human mesenchymal
stem cells (hMSCs) (shown in Fig. 3b), a reference cell
line with low WNT signalling activity [35]. Furthermore,
in MCPO016 cells, expression levels of CUL4A and
CDC25A, but not C-MYC, were higher or similar than
those of positive control cells. On the contrary, upre-
gulation of CUL4A, CDC25A, and C-MYC could not be
detected in the rest of the STS primary cultures (shown in
Fig. 3b). Regarding CCNDI, both hMSC and all STS
primary cell cultures showed high expression levels
(online suppl. Table 3). Therefore, high levels of CCND1
in STS cells were not found increased when represented
relative to those in hMSCs (shown in Fig. 3b), suggesting
that hMSCs were not a good negative control for this
target gene. These results demonstrate upregulated WNT
signalling in MCP016 and MCPO021 cultures, as evidenced
by high levels of activated p-catenin, which was able to
transactivate all WNT target genes studied, and by in-
creased TCF reported activity. In 6 out of 8 primary
cultures, only the CCNDI gene showed elevated ex-
pression, whereas CUL4A, CDC25A, and C-MYC gene
expression was not significantly upregulated.

Identification of Genetic Variants with Clinical

Significance in STS Patients

We further evaluated the landscape of gene mutations
of the 8 STS tumours from which primary cultures were
derived (Table 1). According to the results of the next-
generation sequencing analysis, a total of 102 genetic
variants were identified in 87.5% (7/8) of the STS parental
tumour samples. Among these variants, 81.4% (83/102)
were classified as variants of unknown significance, 7.8%
(8/102) were likely pathogenic alterations, and 10.8% (11/
102) were known pathogenic variants (shown in Fig. 4a).
Variants of unknown significance were excluded from
further analyses.

From all samples, 62.5% (5/8) harboured at least one
genetic variant classified as pathogenic or likely patho-
genic, with an average of 3.8 variants per sample. The
dermatofibrosarcoma protuberans sample MCP038

TCF/p-catenin target genes CUL4A, CCND1, CDC254, and
C-MYC were performed following the TagMan probes method
described in the Materials and Methods section. -2 micro-
globulin was used as an internal control for normalization.
Results are mean + SEM of three independent determinations
performed in duplicate and normalized values relative to those in
hMSCs (negative control of TCF/B-catenin-mediated tran-
scriptional activity) are represented.
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exhibited the highest number of variants, reaching a
maximum of 5. Pathway-specific analyses within each
sarcoma subtype revealed that a number of pathways
important in carcinomas were infrequently altered in
sarcoma, including TGFp and Notch. By contrast, the
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(Figure continued on next page.)

DNA damage repair pathway and the PI3K/AKT/mTOR-
MAPK pathways showed the highest frequency of known
pathogenic or likely pathogenic variants (7P53, 80% and
PTEN, 80%, respectively), followed by the WNT sig-
nalling pathway (APC, 40%), the chromatin modulation
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Fig. 4. a Landscape of genomic alterations in the 7/8 parental
STS tumour samples from which primary cultures were es-
tablished. Each row represents a gene, and each column
represents a tumour sample. The histogram on top represents
the number or variants identified per sample. The histogram
on the right side represents the number of variants per gene.
Conflicts arising from two different variants in the same gene/
sample cell were resolved by keeping the pathogenic among the
likely pathogenic or VUS. VUS, variant of unknown signifi-
cance; LP, likely pathogenic; P, pathogenic. b Likely and
known pathogenic variants identified in the 5/8 parental STS

(KMT2D, 20%), and the splicing mechanism (U2AFI,
20%) pathways (shown in Fig. 4). As expected, TP53 gene
was significantly altered across STS subtypes which
harboured pathogenic variants, whereas the WNT/f-
catenin pathway displayed a low rate of pathogenic
variants. The variants found in APC and SOX9 genes were
pathogenic or likely pathogenic variants, while variants
detected in the rest of the pathway genes were variants of
unknown significance.

To assess the potential clinical impact of these findings,
we utilized OncoKB (http://oncokb.org), a publicly
available genetic variant database recognized by the FDA.
OncoKB provides information about the therapeutic,
diagnostic, or prognostic implications of genetic aber-
rations as well as their corresponding FDA-levels. Among
all the genetic variants identified, the variant R93W in
PIK3CA was found only in the MCP033 tumour sample,
whereas the genetic variant C136Y detected in PTEN gene
was present in MCP033, MCP023, MCP025, and

Deciphering WNT Signalling
Vulnerabilities in Soft Tissue Sarcoma

samples from which primary cultures were established. Each
row represents a gene, and each column represents a tumour
sample. The mutational spectrum is grouped according to the
histological grade and subtype. Conflicts arising from two
different variants in the same gene/sample cell were resolved
by keeping the most deleterious as defined by their order in the
legend. The histogram on the left side represents the mutation
frequency of each gene. UPS, undifferentiated pleomorphic
sarcoma; P-LMS, pleomorphic leiomyosarcoma; MFST, un-
differentiated sarcoma fibrous histiocytoma-like; DFSP, der-
matofibrosarcoma protuberans.

MCP038 tumour samples (shown in Fig. 4b). Supported
by solid biological evidence, these two genetic variants
have been listed as predictive biomarkers of response to
specific drugs. Furthermore, regarding FDA categoriza-
tion, both are considered to have potential clinical sig-
nificance (FDA level 3).

Discussion

Many pre-clinical studies on anti-cancer therapies for
STS patients use established commercial cancer cell lines
(23, 24, 36], which often provide less representative and
reproducible results when translated to other pre-clinical
models and to clinical practice [37, 38]. In this study, we
generated a collection of patient-derived STS primary
cultures (Table 1) and performed an analysis of their
histopathological features and molecular alterations. Our
collection resembled the typical subtype distribution of
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STS, since 5 of the 8 selected for this study belong to the
most common sarcoma types found in adults,
i.e,, undifferentiated sarcomas and leiomyosarcoma [39],
of which, moreover, only few commercial cell lines exist.

As we previously demonstrated that the WNT sig-
nalling pathway was constitutively activated in a broad
range of STS cell lines [23, 24], we have now explored
the endogenous activation of this pathway in patient-
derived STS primary cultures, to uncover potentially
actionable therapeutic targets for STS precision therapy.
In accordance with previous studies [22-24], f-catenin
showed elevated levels of its phosphorylated and
transcriptionally active form (Ser552) in all STS pri-
mary cell cultures. More interesting, cytoplasmic and
nuclear presence of P-catenin was also found in all
patient-derived STS cultures, being the undifferentiated
pleomorphic sarcoma MCP016 and MCP021 cells the
ones with higher nuclear B-catenin levels (shown in
Fig. 2b,c). In line with these findings, TCF reporter
activity and expression of WNT/B-catenin signalling
target genes (CUL4A, CCNDI, CDC25A, and C-MYC)
were also increased (shown in Fig. 3), indicating con-
stitutive activation of the canonical WNT/B-catenin
pathway in those 2 cultures. High levels of the phos-
phorylated B-catenin (Ser552) did not stringently cor-
relate with high levels of nuclear -catenin localization
and vice versa in some of these primary STS cultures,
suggesting that multiple tissue-specific regulatory fac-
tors might influence P-catenin stability, subcellular
localization, nuclear abundance, and, in particular, its
transcriptional activity. In the context of our results, we
cannot discard that nuclear p-catenin in different STS
subtypes might regulate tumorigenic events through
tissue-specific interactions. As it has been demonstrated
before, nuclear p-catenin can interact with other
transcriptional partners in the absence of TCF/LEF,
such as FOXO, SOX17, OCT4, or YAP1/TBX5, to
promote the expression of different sets of genes as-
sociated with pluripotency, pro-survival and tumour
metabolism [40-43].

It is well known that WNT/B-catenin is involved in
crosstalk with PI3K/AKT and DNA damage and repair
pathways promoting dysregulated cell cycle progression,
increased cell proliferation, apoptosis escape, and resis-
tance to cancer treatment [44-46]. Accordingly, within the
landscape of gene mutations found in the 8 patient’s tu-
mour samples, the highest frequency of known pathogenic
or likely pathogenic variants were detected in the DNA
damage and repair pathway (TP53, 80%) as well as in the
PI3K/AKT/mTOR-MAPK pathways (PTEN, 80%), fol-
lowed by the WNT signalling pathway (APC, 40%) (shown
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in Fig. 4). Focusing on the WNT pathway, 2 tumour
samples, MCP033 and MCPO038, carried pathogenic var-
iants in the APC tumour suppressor gene, whereas the
sample MCP016 showed a likely pathogenic alteration in
the SOX9 gene, a repressor transcription factor of the
WNT/p-catenin pathway (shown in Fig. 4a). Both genes
carried loss-of-function mutations (shown in Fig. 4b)
repressing their anti-tumour activity. These mutations
align with higher levels of active phospho-B-catenin
(MCP033 and MCP038) and/or nuclear [-catenin
(MCP016 and MCP038), or with WNT/p-catenin tran-
scriptional activation (MCP016 only) (shown in Fig. 2, 3).
Anti-tumour therapy for APC-mutated patients is limited,
with few clinical trials (NCT02175914, NCT06005974, and
NCT05552755) for treating APC-mutated familial ade-
nomatous polyposis or AXINI/APC-mutated unresectable
advanced/metastatic tumours. In addition, two genetic
variants with FDA-3 level clinical implication and listed as
predictive biomarkers of response to targeted drugs were
found in PIK3CA and PTEN genes in 4 STS tumour
samples. The known gain-of-function variant PIK3CA-
R93W [47, 48] was found together with an APC alteration
in MCP033 sample, which expressed the highest levels of
phospho-fB-catenin  (Ser552). These findings are in
agreement with other works in which the modulation of
the AKT/GSK-3B phosphorylation status regulated the
WNT signalling activation in different carcinomas [49,
50]. Since PI3Ka is the most frequently alterated kinase in
all cancers [51], RLY-2608 and RLY-5836, both pan-
mutant and isoform-selective PI3Ka inhibitors [52], are
currently being evaluated in clinical trials (NCT05216432;
NCT05759949). Our results suggest that the therapeutic
use of these PI3Ka inhibitors, designed to overcome the
toxicity of the traditional inhibitors, might be beneficial for
a subset of STS patients harbouring the PIK3CA gain-of-
function alteration. Finally, the PTEN-C136Y loss-of-
function variant was found in samples MCP023,
MCP025, MCP033, and MCP038 (shown in Fig. 4b),
suggesting that these tumours could be susceptible to -
isoform-selective PI3K-targeted inhibitors, such as
GSK2636771 and AZD8186 agents.

Since the discovery of TP53’s role in cancer, significant
research has focused on developing strategies to target
TP53 alterations [53, 54]. However, few TP53-targeting
therapies have advanced to late-stage clinical trials or
gained FDA approval [55]. Strategies developed to ad-
dress TP53 alterations include restoring wild-type con-
formation in missense mutations, rescuing nonsense
mutations, promoting degradation of altered p53 pro-
teins, and exploiting vulnerabilities created by TP53
alterations.
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While our collection of patient-derived STS primary
cultures represents the most common adult sarcoma
subtypes, the number of primary cell cultures per subtype
limits confident association of specific molecular or ge-
netic alterations with a particular subtype. Although
patient-derived primary STS cultures offer advantages in
translating pre-clinical findings, this remains an in vitro
study that lacks the complex tumour microenvironment;
hence, missing information of how immune cells and
surrounding stroma interact with and influence tumour
cells. To address these limitations and gain a more de-
tailed understanding of STS biology for effective therapy
development, it would be highly valuable in the future to
establish 3D cultures and in vivo models using these
patient samples.

In summary, the findings in the present study em-
phasize the heterogeneity of WNT signalling activation
among different STS patient-derived primary cultures.
The identification of potentially actionable mutations,
such as genetic variants in PIK3CA and PTEN, opens
avenues for personalized treatment approaches in STS.
Future research should explore the clinical significance of
identified biomarkers and develop new therapies tar-
geting WNT signalling and related pathways in STS to
improve patient outcomes.

Acknowledgments

We thank all patients who participated in the study and
the Medical Oncology Department at the Son Espases Uni-
versity Hospital (HUSE) for patient enrolment. We ac-
knowledge the assistance of Dr. Catalina Crespi from the
Cytometry and Cell culture core facility (IdISBa) and Dr.
Javier Piérola from the Microscopy core facility (IdISBa). We
thank Karim Pérez (IdISBa) for helping with flow cytometry
technique. We thank laboratory technicians Maria Isabel
Madrid, Maria Prados, and Susana Avella (HUSE) for helping
with STR experiments.

References

1 Sbaraglia M, Bellan E, Dei Tos AP. The 2020

4 de Juan Ferré A, Alvarez Alvarez R, Casado

Statement of Ethics

This study protocol was reviewed and approved by the Ethical
Committee of Clinical Investigation of the Balearic Islands (CEIC-
IB, Palma, Spain), Approval No. 4047/19 P1. Written informed
consent was obtained from all patients. All procedures were
performed according to the principles of the Helsinki Declaration.

Conflict of Interest Statement

The authors have no conflicts of interest to declare.

Funding Sources

This research was partially funded by the Spanish Group for
Research on Sarcoma (GEIS) and grant “IIT Beca Trienal Mari Paz
Jiménez Casado”. MPC is supported by the predoctoral fellowship
“programa «]JUNIOR» del projecte «INTRES: invertir, investigar i
innovar», financed by “Pla Anual 2019 de I'Impost de Turisme
Sostenible”. The funders had no role in the design, data collection,
data analysis, and reporting of this study.

Author Contributions

A.O.-H., M.P.-C,, EM.-F,, and R.A. performed the study
conceptualization. M.P.-C,, E.M.-F., M.R.M,, and R.A. conceived
and carried out experiments. E. P. performed pathology analyses.
M.P.-C. and E.M.-F. performed data curation, data analysis, and
visualization. R.R. and R.S.M. provided sample resources and
informed consents. M.P.-C., EM.-F., R A, O.V,, and A.O.-H.
wrote the original draft. A.O.-H. and R.A. supervised all the work.
All authors approved the final version of the manuscript.

Data Availability Statement
All data generated or analysed during this study are included in

this article and its online supplementary material files. Further
enquiries can be directed to the corresponding author.

and trunk wall: better outcome after treat-

(38

W

WHO classification of soft tissue tumours:
news and perspectives. Pathologica. 2021;
113(2):70-84. https://doi.org/10.32074/1591-
951X-213

Burningham Z, Hashibe M, Spector L,
Schiffman JD. The epidemiology of sarcoma.
Clin Sarcoma Res. 2012;2(1):14. https://doi.
org/10.1186/2045-3329-2-14

Soft tissue cancer — cancer stat facts. [(ac-
cessed on 12 June 2023)]; Available online:
https://seer.cancer.gov/statfacts/html/soft.
html

Deciphering WNT Signalling
Vulnerabilities in Soft Tissue Sarcoma

Herrdez A, Cruz Jurado J, Estival Gonzélez A,
Martin-Broto ], et al. SEOM Clinical Guideline
of management of soft-tissue sarcoma (2020).
Clin Transl Oncol. 2021;23(5):922-30. https://
doi.r)rg," 10.1007/s12094-020-02534-0
Sarcomas. Soft tissue: statistics. Cancer.Net.
[(accessed on 13 June 2023)]; Available on-
line: https://www.cancer.net/cancer-types/
sarcomas-soft-tissue/statistics

6 von Konow A, Ghanei I, Styring E, Vult von

Steyern F. Late local recurrence and metas-
tasis in soft tissue sarcoma of the extremities

~1

o0

ment of late events compared with early. Ann
Surg Oncol. 2021;28(12):7891-902. https://
doi.org/10.1245/510434-021-09942-8

Linch M, Miah AB, Thway K, Judson IR,
Benson C. Systemic treatment of soft-tissue
sarcoma—gold standard and novel therapies.
Nat Rev Clin Oncol. 2014;11(4):187-202.
https://doi.org/10.1038/nrclinonc.2014.26
Guillou L, Aurias A. Soft tissue sarcomas with
complex genomic profiles. Virchows Arch.
2010;456(2):201-17. https://doi.org/10.1007/
s00428-009-0853-4

Pathobiology

DOI: 10.1159/000544933

13

620z ABI 61 U 198N BLIOY 1 COpaw-olg sndwey ensseaun Aq Jpd EE6FS000/SEYFSER/EEBYYS000/66 L L 0 L/IOPAPd-aloeARd/WOo 8BIEY/:dNY WOy papeojumoq



=l

10

1

—

12

14

15

16

17

18

19

20

2

—_

22

Taylor BS, Barretina J, Maki RG, Antonescu
CR, Singer S, Ladanyi M. Advances in sar-
coma genomics and new therapeutic targets.
Nat Rev Cancer. 2011;11(8):541-57. https://
doi.org/10.1038/nrc3087

Hames-Fathi S, Nottley SWG, Pillay N.
Unravelling undifferentiated soft tissue sar-
comas: insights from genomics. Histopa-
thology. 2022;80(1):109-21. https://doi.org/
10.1111/his.14446

Nusse R, Clevers H. Wnt/p-Catenin signal-
ing, disease, and emerging therapeutic mo-
dalities. Cell. 2017;169(6):985-99. https://doi.
org/10.1016/j.cell.2017.05.016

MacDonald BT, Tamai K, He X. Wnt/beta-
catenin signaling: components, mechanisms,
and diseases. Dev Cell. 2009;17(1):9-26.
https://doi.org/10.1016/j.devcel.2009.06.016
Polakis P. Wnt signaling in cancer. Cold
Spring Harb Perspect Biol. 2012;4(5):
a008052. https://doi.org/10.1101/
cshperspect.a008052

Zhan T, Rindtorff N, Boutros M. Wnt sig-
naling in cancer. Oncogene. 2017;36(11):
1461-73. https://doi.org/10.1038/onc.
2016.304

van Neerven SM, Vermeulen L. The interplay
between intrinsic and extrinsic Wnt signaling
in controlling intestinal transformation.
Differentiation. 2019;108:17-23. https://doi.
org/10.1016/j.diff.2019.02.002

Baarsma HA, Konigshoff M, Gosens R. The
WNT signaling pathway from ligand secre-
tion to gene transcription: molecular mech-
anisms and pharmacological targets. Phar-
macol Ther. 2013;138(1):66-83. https://doi.
org/10.1016/j.pharmthera.2013.01.002
Clements WM, Lowy AM, Groden J. Ade-
nomatous polyposis coli/beta-catenin inter-
action and downstream targets: altered gene
expression in gastrointestinal tumors. Clin
Colorectal Cancer. 2003;3(2):113-20. https://
doi.org/10.3816/ccc.2003.n.018

Cancer Genome Atlas Network; Bainbridge
MN, Chang K, Dinh HH, Drummond JA,
Fowler G. Comprehensive molecular char-
acterization of human colon and rectal can-
cer. Nature. 2012;487(7407):330-7. https://
doi.org/10.1038/nature11252

Bugter JM, Fenderico N, Maurice MM.
Mutations and mechanisms of WNT path-
way tumour suppressors in cancer. Nat Rev
Cancer. 2021;21(1):5-21. https://doi.org/10.
1038/541568-020-00307-z

Salahshor S, Woodgett JR. The links between
axin and carcinogenesis. ] Clin Pathol. 2005;
58(3):225-36. https://doi.org/10.1136/jcp.
2003.009506

Satoh §, Daigo Y, Furukawa Y, Kato T, Miwa
N, Nishiwaki T, et al. AXIN]1 mutations in
hepatocellular carcinomas, and growth sup-
pression in cancer cells by virus-mediated
transfer of AXIN1. Nat Genet. 2000;24(3):
245-50. https://doi.org/10.1038/73448
Vijayakumar S, Liu G, Rus A, Yao S, Chen Y,
Akiri G, et al. High-frequency canonical Wnt
activation in multiple sarcoma subtypes

23

24

25

26

27

28

29

30

31

32

33

drives proliferation through a TCF/p-catenin
target gene, CDC25A. Cancer Cell. 2011;
19(5):601-12. https://doi.org/10.1016/j.ccr.
2011.03.010

Martinez-Font E, Vagler O, Alemany R,
Obrador-Hevia A, Terrasa J, Vogler O. Wnt
signaling inhibition promotes apoptosis in
sarcomas-response. Mol Cancer Ther, 2017;
16(10):2325. https://doi.org/10.1158/1535-
7163.MCT-17-0567

Martinez-Font E, Pérez-Capo M, Ramos R,
Felipe I, Garcias C, Luna P, et al. Impact of
wnt/(-catenin inhibition on cell proliferation
through cdc25a downregulation in soft tissue
sarcomas. Cancers (Basel). 2020;12(9):2556.
https://doi.org/10.3390/cancers12092556
First in Man Study Investigating the Bio-
distribution, The safety and optimal recom-
mended dose of a new radiolabelled mono-
clonal antibody targeting frizzled homolog 10
- ClinicalTrials.gov. [(accessed on 25 No-
vember 2021)]; Available online: https://
clinicaltrials.gov/ct2/show/study/
NCT01469975

Phase I study of radiolabeled otsal01-DTPA
in patients with relapsed or refractory sy-
novial sarcoma - ClinicalTrials.gov. [(ac-
cessed on 25 November 2021)]; Available
online: https://clinicaltrials.gov/ct2/show/
NCT04176016

Uren A, Wolf V, Sun Y-F, Azari A, Rubin JS,
Toretsky JA. Wnt/Frizzled signaling in Ewing
sarcoma. Pediatr Blood Cancer. 2004;43(3):
243-9. https://doi.org/10.1002/pbc.20124
Choi JH, Ro JY. The 2020 WHO classifi-
cation of tumors of soft tissue: selected
changes and new entities. Adv Anat Pathol.
2021;28(1):44-58. https://doi.org/10.1097/
PAP.0000000000000284

Guillou L, Coindre JM, Bonichon F, Nguyen
BB, Terrier P, Collin F, et al. Comparative
study of the National Cancer Institute and
French Federation of Cancer Centers Sar-
coma Group grading systems in a population
of 410 adult patients with soft tissue sarcoma.
J Clin Oncol. 1997;15(1):350-62. https://doi.
org/10.1200/JC0O.1997.15.1.350

Livak KJ, Schmittgen TD. Analysis of relative
gene expression data using real-time quan-
titative PCR and the 2(-Delta Delta C(T))
Method. Methods. 2001;25(4):402-8. https://
doi.org/10.1006/meth.2001.1262

Schwock ], Geddie WR. Diagnosis of B-cell
non-hodgkin lymphomas with small-/inter-
mediate-sized cells in cytopathology. Patho-
log Res Int. 2012;2012:164934. https://doi.
org/10.1155/2012/164934

Chen LL, Mann E, Greenberg B, Spiro ],
Friedman CD, Clawson ML, et al. Removal of
fibroblasts from primary cultures of squa-
mous cell carcinoma of the head and neck.
Organ Cult Proced. 1993;15(1):1-9. https://
doi.org/10.1007/bf02387282

Olsen SH, Thomas DG, Lucas DR. Cluster
analysis of immunohistochemical profiles in
synovial sarcoma, malignant peripheral nerve
sheath tumor, and Ewing sarcoma. Mod

14

Pathobiology

DOI: 10.1159/000544933

34

35

36

37

38

39

40

4

—

42

43

44

45

Pathol. 2006;19(5):659-68. https://doi.org/
10.1038/modpathol.3800569

Wei S, Henderson-Jackson E, Qian X, Bui
MM. Soft tissue tumor immunohistochem-
istry update: illustrative examples of diag-
nostic pearls to avoid pitfalls. Arch Pathol
Lab Med. 2017;141(8):1072-91. https://doi.
org/10.5858/arpa.2016-0417-RA

Li X, Liu P, Liu W, Maye P, Zhang ], Zhang Y,
et al. Dkk2 has a role in terminal osteoblast
differentiation and mineralized matrix for-
mation. Nat Genet. 2005;37(9):945-52.
https://doi.org/10.1038/ngl1614

Lee C-Y, The M, Meng C, Bayer FP, Putzker
K, Miiller ], et al. Illuminating phenotypic
drug responses of sarcoma cells to kinase
inhibitors by phosphoproteomics. Mol Syst
Biol. 2024;20(1):28-55. https://doi.org/10.
1038/544320-023-00004-7

Kato S, Espinoza N, Lange S, Villalon M,
Cuello M, Owen GI. Characterization and
phenotypic variation with passage number
of cultured human endometrial adeno-
carcinoma cells. Tissue Cell. 2008;40(2):
95-102. https://doi.org/10.1016/j.tice.
2007.09.007

Hughes P, Marshall D, Reid Y, Parkes H,
Gelber C. The costs of using unauthenticated,
over-passaged cell lines: how much more data
do we need? Biotechniques. 2007;43(5):
575-86. https://doi.org/10.2144/000112598
Key statistics for soft tissue sarcomas. [(ac-
cessed on 12 June 2023)]; Available online:
https://www.cancer.org/cancer/types/soft-
tissue-sarcoma/about/key-statistics.html
Hoogeboom D, Essers MAG, Polderman PE,
Voets E, Smits LMM, Burgering BMT. In-
teraction of FOXO with B-catenin inhibits B-
catenin/T cell factor activity. ] Biol Chem.
2008;283(14):9224-30. https://doi.org/10.
1074/jbc.M706638200

Valenta T, Hausmann G, Basler K. The many
faces and functions of B-catenin. EMBO J.
2012;31(12):2714-36. https://doi.org/10.
1038/emboj.2012.150

Anthony CC, Robbins D], Ahmed Y, Lee E.
Nuclear regulation of wnt/p-catenin signal-
ing: it’s a complex situation. Genes. 2020;
11(8):886. https://doi.org/10.3390/
genes11080886

Soderholm S, Cantli C. The WNT/p-catenin
dependent transcription: a tissue-specific
business. Wires Mech Dis. 2021;13(3):
el511, https://doi.org/10.1002/wsbm.1511
Toh TB, Lim JJ, Hooi L, Rashid MBMA,
Chow EKH. Targeting Jak/Stat pathway as a
therapeutic strategy against SP/CD44+ tu-
morigenic cells in Akt/B-catenin-driven he-
patocellular carcinoma. ] Hepatol. 2020;
72(1):104-18. https://doi.org/10.1016/j.jhep.
2019.08.035

Zhang X, Yu X. Crosstalk between Wnt/p-
catenin signaling pathway and DNA damage
response in cancer: a new direction for
overcoming therapy resistance. Front Phar-
macol. 2023;14:1-11. https://doi.org/10.3389/
fphar.2023.1230822

Pérez-Capd et al.

620z ABI 61 U 198N BLIOY 1 COpaw-olg sndwey ensseaun Aq Jpd EE6FS000/SEYFSER/EEBYYS000/66 L L 0 L/IOPAPd-aloeARd/WOo 8BIEY/:dNY WOy papeojumoq



46

47

48

49

Karimaian A, Majidinia M, Bannazadeh
Baghi H, Yousefi B. The crosstalk between
Wnt/B-catenin signaling pathway with DNA
damage response and oxidative stress: im-
plications in cancer therapy. DNA Repair
(Amst). 2017;51:14-9. https://doi.org/10.
1016/j.dnarep.2017.01.003

Rudd ML, Price JC, Fogoros S, Godwin AK,
Sgroi DC, Merino MJ, et al. A unique spectrum
of somatic PIK3CA (pll0alpha) mutations
within primary endometrial carcinomas. Clin
Cancer Res. 2011;17(6):1331-40. https://doi.
org/10.1158/1078-0432.CCR-10-0540

Ng PKS, Li], Jeong KJ, Shao S, Chen H, Tsang
YH, et al. Systematic functional annotation of
somatic mutations in cancer. Cancer Cell
2018;33(3):450-62.e10. https://doi.org/10.
1016/j.ccell.2018.01.021

Behrouj H, Seghatoleslam A, Mokarram P,
Ghavami S. Effect of casein kinase la in-

Deciphering WNT Signalling
Vulnerabilities in Soft Tissue Sarcoma

50

51

52

hibition on autophagy flux and the AKT/
phospho-p-catenin (8§552) axis in HCT116,
a RAS-mutated colorectal cancer cell line.
Can ] Physiol Pharmacol. 2021;99(3):
284-93. https://doi.org/10.1139/cjpp-
2020-0449

Feng X, Jiang J, Sun L, Zhou Q. CDK5RAP3
acts as a putative tumor inhibitor in papillary
thyroid carcinoma via modulation of Akt/
GSK-3p/Wnt/p-catenin  signaling. Toxicol
Appl Pharmacol. 2022;440:115940. https://
doi.org/10.1016/j.taap.2022.115940

Zhang Y, Kwok-Shing Ng P, Kucherlapati M,
Chen F, Liu Y, Tsang YH, et al. A pan-cancer
proteogenomic atlas of PI3K/AKT/mTOR
PathwayAlterations. Cancer Cell. 2017;31(6):
820-32.e3. https://doi.org/10.1016/j.ccell.
2017.04.013

Varkaris A, Pazolli E, Gunaydin H, Wang Q,
Pierce L, Boezio AA, et al. Discovery and

53

54

55

clinical proof-of-concept of RLY-2608, a
first-in-class ~ mutant-selective  allosteric
PI3Ka inhibitor that decouples antitumor
activity from hyperinsulinemia. Cancer Dis-
cov. 2023;14(2):240-57. https://doi.org/10.
1158/2159-8290.cd-23-0944

Hassin O, Oren M. Drugging p53 in cancer:
one protein, many targets. Nat Rev Drug
Discov. 2023;22(2):127-44. https://doi.org/
10.1038/s41573-022-00571-8

Wang H, Guo M, Wei H, Chen Y. Targeting
p53 pathways: mechanisms, structures, and
advances in therapy. Signal Transduct Target
Ther. 2023;8(1):92-35. https://doi.org/10.
1038/541392-023-01347-1

Nishikawa §, Iwakuma T. Drugs targeting
p53 mutations with FDA approval and in
clinical trials. Cancers (Basel). 2023;
15(2):429-1. https://doi.org/10.3390/
cancers15020429

Pathobiology

DOI: 10.1159/000544933

15

620z ABI 61 U 198N BLIOY 1 COpaw-olg sndwey ensseaun Aq Jpd EE6FS000/SEYFSER/EEBYYS000/66 L L 0 L/IOPAPd-aloeARd/WOo 8BIEY/:dNY WOy papeojumoq





