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A High-Throughput Screening Platform Identifies Novel
Combination Treatments for Malignant Peripheral Nerve
Sheath Tumors
Juana Fern�andez-Rodríguez1,2,3, Edgar Creus-Bachiller1,2,3, Xiaohu Zhang4, Maria Martínez-Iniesta5,2,
Sara Ortega-Bertran1,2, Rajarshi Guha4, Craig J. Thomas4, Margaret R. Wallace6, Cleofe Romagosa7,3,
Lourdes Salazar-Huayna7, Karlyne M. Reilly8, Jaishri O. Blakely9, Jordi Serra-Musach5,
Miguel Angel Pujana5,2, Eduard Serra10,3, Alberto Villanueva5,2, Marc Ferrer4, and Conxi L�azaro1,2,3

ABSTRACT
◥

Malignant peripheral nerve sheath tumors (MPNST) are soft-
tissue sarcomas that are the leading cause of mortality in patients
with Neurofibromatosis type 1 (NF1). Single chemotherapeutic
agents have shown response rates ranging from 18% to 44% in
clinical trials, so there is still a high medical need to identify
chemotherapeutic combination treatments that improve clinical
prognosis and outcome. We screened a collection of compounds
from the NCATS Mechanism Interrogation PlatE (MIPE) library
in three MPNST cell lines, using cell viability and apoptosis
assays. We then tested whether compounds that were active as
single agents were synergistic when screened as pairwise combi-
nations. Synergistic combinations in vitro were further evaluated
in patient-derived orthotopic xenograft/orthoxenograft (PDOX)
athymic models engrafted with primary MPNST matching with
their paired primary-derived cell line where synergism was

observed. The high-throughput screening identified 21 synergis-
tic combinations, from which four exhibited potent synergies in
a broad panel of MPNST cell lines. One of the combinations,
MK-1775 with Doxorubicin, significantly reduced tumor growth
in a sporadic PDOX model (MPNST-SP-01; sevenfold) and
in an NF1-PDOX model (MPNST-NF1–09; fourfold) and pre-
sented greater effects in TP53 mutated MPNST cell lines.
The other three combinations, all involving Panobinostat (com-
bined with NVP-BGT226, Torin 2, or Carfilzomib), did not
reduce the tumor volume in vivo at noncytotoxic doses. Our
results support the utility of our screening platform of in vitro
and in vivo models to explore new therapeutic approaches for
MPNSTs and identified that combination MK-1775 with Doxo-
rubicin could be a good pharmacologic option for the treatment
of these tumors.

Introduction
Malignant peripheral nerve sheath tumors (MPNST) are aggres-

sive neoplasms that account for 2% to 5% of soft-tissue sarcomas
diagnosed annually (1). MPNSTs are encountered in three different
clinical settings: associated with Neurofibromatosis type 1 (NF1;
40%–50%), sporadic cases (40%–47%), and associated with sites of
previous radiation therapy (10%–13%; ref. 2). In patients with NF1,
MPNSTs are the major malignant tumors associated with this
autosomal dominant genetic disorder (3) and usually arise from
a preexisting plexiform neurofibroma. The lifetime risk is 8% to
15% (4) and it is the leading cause of mortality in patients with NF1.
These tumors have a poor prognosis, and multiple centers have
reported that the 5-year disease-free survival rates of patients with
MPNST are between 30% to 60% (2). Complete surgical excision
with wide negative margins is the primary treatment option for local
MPNST disease (3, 5). However, the success of surgical excision is
limited by tumor infiltration, which results in a high relapse rate,
and often is not feasible due to location, size, and metastases (5).
Currently, there are no single-agent effective chemotherapeutic
treatments for MPNSTs. Clinical trials of typical cytotoxic drugs
have shown response rates ranging from 18% to 44%, with some
stability as well (6). Doxorubicin and Ifosfamide have traditionally
been used as the chemotherapy regimen for MPNSTs. However, a
10-year institutional review showed no correlation between che-
motherapy and patient survival (7). The role of adjuvant radiation is
not conclusive but is often recommended for high-grade lesions (8).
To identify new therapeutic options for MPNST, the research
directs towards the understanding of the underlying biology of
these tumors and the generation of suitable preclinical models (2).
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NF1 inactivation is necessary but not sufficient for MPNST devel-
opment, and mutations in other driver genes have been reported
(TP53, CDKN2A, and SUZ12, and EED from Polycomb Repressive
Complex 2; ref. 9, 10). The increasing knowledge of altered molec-
ular pathways in MPNST suggested targeted therapies as potential
treatments to block these dysregulated signaling pathways (2).
Despite the advances, clinical trials, so far, have produced low
response rates and have shown that the outcome for unresectable
MPNST is poor (11). For this reason, there is a high medical need to
identify therapeutic combinations that help overcome resistance
and result in durable responses in patients with MPNST. Current
technologies allow for rapid screening of multiple cancer cell lines
against large libraries of compounds as simple agents (12, 13). These
technological advances also allow for the screening of a large
number of drug combinations in an unbiased manner, to identify
synergistic compound combinations that promote tumor reduction
and/or increased survival in vivo (14). Previous reports have used
high-throughput screening methods to identify drug sensitivities in
NF1 and Neurofibromatosis type 2 (NF2) tumors (15–17). In vivo
models are critical to assessing the efficacy and therapeutic index of
potential drug treatments suggested from in vitro screening. The
current MPNST animal models available include xenograft models
produced by the injection of MPNST cells, genetically engineered
mouse models (GEMM), and patient-derived orthoxenografts
(PDOX) in which a small portion of the patient’s tumor is
engrafted, without previous culturing near the sciatic nerve of
athymic or NSG mice (11).

Here, we screened the National Center for Advancing Translational
Sciences (NCATS) oncology-focused collection [Mechanism Interro-
gation PlatE (MIPE)] of 1,912 mechanistically annotated small mole-
cules on three MPNST cell lines. The library includes approved and
preclinical/clinical development drugs for cancer treatment. The aim is
to test whether the compounds identified as active as single agents had
a synergistic effect when added as pairwise combinations. The most
synergistic combinations in a panel of MPNST cell lines were tested in
our PDOX mouse models.

Materials and Methods
Cell lines

The establishment of the MPNST-SP-01, MPNST-NF1–08,
and MPNST-NF1–09 cell lines at the Catalan Institute of Oncology
is described in a manuscript under preparation. Supplementary
Table S1 summarizes clinical and molecular data from the patients
and tumors from which the three cell lines were isolated. MPNST-SP-
01 was already presented in a previous work from our group (18). All
molecular features of the primary tumors were confirmed in the
derived cell lines. STS-26T (19), HS-PSS, HS-sch2 (20), S462 (21),
and sNF96.2 (22) cell lines were previously established in other
laboratories. The Human Foreskin Fibroblast (HFF) cell line was
purchased from ATCC. Cells were maintained in DMEM growth
medium with 10% FBS (Gibco) and 100 mg/mL penicillin and 100
mg/mL streptomycin (BioWest) under standard incubator conditions.
All cell lines are validated as Mycoplasma negative before starting the
in vitro validation and were retested every 2 months.

MIPE Compound Library
TheMIPE 4.0 library of approved and investigational drugs includ-

ed 1,912 individual small molecules (17). It encompasses a small-
molecule modulator of over 400 specific gene targets, cellular path-
ways, or genotypes. Within well-explored targets, there are multiple,

redundant agents incorporated as a means to inform the on-target
nature of phenotype-to-mechanism data associations and to explore
instances where a phenotype is the result of the specific polypharma-
cology of an individual drug.

Quantitative High-Throughput Screen
The screening method used in this study in the MPNST-SP-01,

S462, and sNF96.2 cell lines was similar to that previously
described (12, 23). Briefly, compounds in the MIPE library were
transferred to columns 5–48, and controls were added in columns
1–4 of a 1536-well assay plate. Column 1 contained media only,
column 2 contained cells with added DMSO, while columns 3 and
4 contained the protease inhibitor Bortezomib or the antibiotic
Salinomycin in DMSO (final concentration 10 mmol/L). Com-
pounds were tested once as 11-point dose-response starting at a
stock concentration of 10 mmol/L (the highest final compound
concentration was 46 mmol/L) and diluted threefold with DMSO, as
described previously (24). Relative luminescence units (RLU) for
each well were normalized to the median RLUs from the DMSO
control wells as 100% viability, and median RLUs from control wells
with media only as 0% viability.

Curve Response Class
The activity of the compounds was determined based on their curve

response class (CRC), in which normalized data is fitted to 4-param-
eter dose-response curves using a custom grid-based algorithm to
generate a CRC score for each compound dose-response (25). CRC
values of –1.1, –1.2, –2.1, are considered the highest quality hits; CRC
values of –1.3, –1.4, –2.3, –2.2, –2.4, and –3 are considered inconclusive
hits; and a CRC value of 4 is considered inactive compounds.

Target enrichment analysis
Given a selection of compounds, we used the annotated target for

these compounds and computed the enrichment for each target class,
compared with the background, using Fisher exact test (26). For this
test, the background was defined as all the targets annotated in the
MIPE collection. The P value from the test was adjusted for multiple
hypothesis testing using the Benjamini-Hochberg method (27).

Compound Combination Matrix Screening
For the combination matrix screen with the selected compounds,

protocols were as described before (12, 28). Briefly, compounds were
pre-plated using an acoustic dispenser ATS-100 (EDC Biosystems,
Fremont, CA). A total of 5 nL of each compound solubilized inDMSO,
as well as DMSO control wells, were dispensed with threefold dilutions
to generate 6 � 6 dose-response matrices, first, followed by confir-
matory retesting using twofold dilutions in 10 � 10 dose-response
matrices. 5 mL of a cell suspension (500 cells/well) were added directly
to the plates immediately after compounds were pre-plated. Two sets
of plates were screened. The first one was for cell proliferation assays,
where cells were incubated with the compounds for 48 hours, and
proliferation was quantified by adding CellTiter-Glo reagent. RLUwas
measured with the Viewlux (Perkin Elmer) after 15 minutes incuba-
tion at room temperature. The second plate was used for an apoptosis
assay, incubating cells with the compounds for 16hours and adding the
Caspase-Glo 3/7 reagent to measure apoptosis.

In vitro validation of compound combinations
The IC50 of all compounds used in the 21 combinations selected was

calculated for MPNST-SP-01 or S462 cells. First, 10,000 cells/well of
MPNST-SP-01 cells or 8,000 cells/well of S462 were seeded in 96-well
plates (Corning) and incubated overnight. Then, compounds in
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DMSO were added to the wells in three replicates. Two series of
dilutions were performed at two concentration ranges depending on
the potency of the compound. Stocks were prepared at 10mmol/L, and
compounds were 10-fold diluted from 1,000 nmol/L to 0.1 nmol/L or
fivefold diluted from 40 mmol/L to 0.064 mmol/L, using DMSO. After
48 hours of incubation with the drugs, cell viability was analyzed using
MTT (Sigma-Aldrich). Briefly, 14 mL ofMTT (0.5mg/mL) were added
to each well. After 2 hours of incubation at 37�C, media was removed
from the wells and 100 mL of glycine buffer solution (25 mL of buffer
0.1 mol/L NaCl and 0.1 mol/L Glycine with 75 mL of DMSO) was
added. Plates were shaken for 15 minutes and the absorbance levels
were read in the VictorTM X5 2030 Multilabel Reader (PerkinElmer).
The IC50 was calculated using GraphPad Prism Version 6 (La Jolla,
CA). The percentage of cell viability was calculated by normalizing the
values to DMSO control wells as 100% viability. Later, the four chosen
synergistic combinations were tested in six additional MPNST cell
lines, for which individual IC50 of compounds was also calculated.

For combination assays, compounds were added to wells in three
replicates as single treatments or in combination at a fixed 1:1 ratio of
the IC50 of both compounds, and threefold dilutions were performed
from10� IC50 concentration to 0.12� IC50, for each compound. After
48 hours of incubation, cell viability was measured by MTT, and
combination index (CI) values for the combinations were calculated
using CompuSyn Software, based on Chou-Talalay calculations (29).
When CI is lower than 0.9 at high values of fraction affected of cells
(Fa), we labeled the combination as synergistic. Fa value represents the
fraction of cell death by drug treatment, ranging from 0 (no cell death)
to 1 (100% cell killing). CI values between 0.9 and 1.1 are indicative of
an additive effect and when values are higher than 1.1, the compounds
are antagonistic (30).

Apoptosis analysis
MPNST-SP-01 and S462 cells were seeded (75,000 cells/mL and

60,000 cells/mL, respectively) in 6-well plates and incubated overnight.
Cells were then treated with single compounds or combinations.
Combinations with Panobinostat were tested at a fixed 1:1 ratio of
the IC50 andMK-1775withDoxorubicinwas combined at a 1:1 ratio of
3� IC50 to visualize the differences in apoptosis activation between the
combination and individual treatments. After 24 hours of incubation,
apoptosis activationwas evaluated using the AnnexinVAPCDead cell
kit and SYTOX Green (ThermoScientific) to stain annexin-positive
cells, according to themanufacturer’s protocol. Samples were analyzed
by FACSCanto II (BD Biosciences) flow cytometer. The apoptotic
index was calculated as the mean percentage of apoptotic cells in
104 cells measured in each of three independent experiments. Alter-
natively, apoptosis was determined by the percentage of cells in the
sub-G1 cell-cycle phase using flow cytometric analysis. After treat-
ment, cells were fixed in ice-cold 70% ethanol and left for 24 hours at –
20�C. Ethanol-fixed cells were centrifuged at 800 � g, washed, and
resuspended in citrate-phosphate buffer (Na2HPO4 0.2 mol/L and
citric acid 0.1 mol/L at a ratio 192:8, pH 7.8) for 30 minutes. Cells were
centrifuged at 400 � g and incubated in PBS supplemented with 1%
FBS, 0.2 mg/mL RNAse (Sigma-Aldrich), and 60 mg/mL propidium
iodide (Sigma-Aldrich) for 45 minutes at 37�C. 10,000 to 20,000 cells
per sample of three experiments were measured to determine the
percentage of cells at the sub-G1 phase of the cell cycle. The percentage
of cells in the G1, S, and G2–M phases was also calculated.

Dosage test
We adjusted the dosages and the administration schemes for the

different compounds (Supplementary Table S2), using athymic nude

6-week-old male mice, in which no tumor was engrafted. Treatments
lasted for 3 weeks and the mice body weight was daily measured to
analyze potential toxicity. Carfilzomib andDoxorubicin were obtained
from our hospital pharmacy. NVP-BGT226 (S2749), Torin 2 (S2817),
and Panobinostat (S1030) were purchased from Selleckchem andMK-
1775 (ref. 31; Adavorsetib, HY-10993) from MedChemExpress.

In vivo drug treatment
Before drug treatments, an early-passage (P2–P4)MPNST-SP-01 or

MPNST-NF1–09 PDOX tumor had to be expanded. To do this, each
tumor was implanted in five mice. When tumors reached 1,000 to
1,500 mm3, mice were sacrificed; tumors were harvested and cut into
small fragments and engrafted near the sciatic nerve of 60 athymic
nude male 6-week-old mice. Once tumors reached 300 to 500 mm3,
mice were randomly distributed into treatment groups (n ¼ 5–10/
group): (i) single compound 1; (ii) single compound 2; (iii) combi-
nation compounds 1þ2; and (iv) control receiving solvents of com-
pounds 1þ2. The final tumor weight plot from MPNST-NF1–09
PDOX model presented less than 5 points in some groups due to
mice left to perform regrowth testing. Dosages and treatment sche-
dules are specified in Supplementary Table S3. The study received
IDIBELL IRB (#PR213/13) and IDIBELL Animal Ethics Experimen-
tation Committee (CEEA-IDIBELL; #9111) approval. Combinations
in which we did not observe tumor reduction by day 18 were further
tested until day 25. Twenty-four hours after the last dose, mice were
sacrificed and tumors extracted. Tumorsweremeasured using a caliper
twice a week, and volume was calculated using the formula “v¼ (w2 L/
2)”, where l is the longest diameter and w the width. Changes in tumor
volume were quantified as the “increased tumor volume” since day 0,
where each measurement is calculated following the formula
“increased tumor volume ¼ tumor volume day X – tumor volume
day 0”. The interaction between follow-up time (in days) and treat-
ment was used to assess the effect of each treatment in terms of volume
change compared with the control group.

Protein extraction and Western blot analysis
Protein was extracted from control tumors (n ¼ 4) and tumors

treated with the combinations (n ¼ 6) using RIPA buffer supplemen-
ted with protease inhibitor (cOmplete Tablets, Roche). Briefly, 15 to
20 mg of tissue was homogenized in RIPA using TissueLyser II
(Qiagen) and centrifuged at 16,000� g at 4�C for 10minutes. Proteins
in the supernatant were quantified with the Pierce BCA Protein Assay
Kit (ThermoScientific), using BSA as a standard.

For Western blot, equivalent amounts of protein (20 mg) were
separated on 12% Acrylamide gels (TGX Stain-Free FastCastAcryla-
mide Kit, Bio-Rad). Before transference, gels were activated for 45
seconds by UV radiation using ChemiDoc Touch Imaging System
(Bio-Rad), so that proteins could fluorescence when exposed to UV.
Proteins were then transferred to nitrocellulose membranes from the
Trans-Blot Turbo RTA Transfer Kit (Bio-Rad) using an established
protocol from the Trans-Blot Turbo Transfer System (Bio-Rad). After
transference, total protein from each lane was detected by exposing the
membrane to UV. Then, membranes were blocked using 5% BSA
(Roche) for 1h. Primary antibodies against Cdk1 (77055S), phospho-
Cdk1Tyr15 (9111T), Caspase-3 (9662S), Cleaved Caspase-3 (9661S),
Histone H3 (9715S), Acetyl-Histone H3Lys18 (9675S), SAPK/JNK
(9252T), phospho-SAPK/JNKThr183/Tyr185 (4668T), p70S6 Kinase
(9202S), and phospho-p70Thr389 S6 Kinase (9234S) were purchased
from Cell Signaling Technology, diluted 1:1,000 in 5% BSA, and
incubated overnight at 4�C. Membranes were probed with secondary
antibody Stabilized PeroxidaseConjugatedGoatAnti-Rabbit (Thermo
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Scientific), diluted 1:1,000 in 5% BSA, and incubated at room tem-
perature for 1 hour. Finally, detection of proteins was conducted using
SuperSignal West Femto Chemiluminescent substrate kits (Pierce
Biotechnology Inc., Rockford, IL). Quantification analyses were car-
ried out by the Image Lab program from Bio-Rad. Each protein of
interest was normalized to the total protein of the lane to assess
differences due to protein loading. Then, phosphorylated and acety-
lated proteins were also normalized to their levels of basal protein.

Statistical analyses
Statistical analyses were performed using Graphpad Prism 6. We

calculated differences in terms of cell apoptosis activation between cells
treated with combination of compounds and cells treated with single
compounds or DMSO-control treated cells (n ¼ 3 in each group), by
using the unpaired t test with a significant level of 0.05. We also
assessed differences in tumor volume and tumor weight between mice
treated in vivo with combinations compared with single treatments
and controls (n ¼ 7–10 in each group) using the Mann–Whitney test
with a significant level set at 0.05.

Data availability statement
A full list of compounds from theMIPE 4.0 library is available upon

request.
Data from the 113 10�10 combination screening matrices for the

three MPNST cell lines, performed by the NIH-NCATS, are found in
the following web links:

MPNST-SP-01 Apoptosis 16 h https://tripod.nih.gov/matrix-client/
rest/matrix/blocks/6341/table
MPNST-SP-01 Cell viability 48 h https://tripod.nih.gov/matrix-client/
rest/matrix/blocks/6342/table
sNF96.2 Apoptosis 16 h https://tripod.nih.gov/matrix-client/rest/
matrix/blocks/6343/table
sNF96.2 Cell viability 48 h https://tripod.nih.gov/matrix-client/rest/
matrix/blocks/6344/table
S462Apoptosis 16 h https://tripod.nih.gov/matrix-client/rest/matrix/
blocks/6345/table
S462Cell viability 48hhttps://tripod.nih.gov/matrix-client/rest/matrix/
blocks/6346/table

Results
High-throughput screening of the MIPE library as single agents

We screened theMIPE library using a quantitative high-throughput
screen approach against three differentMPNST cell lines, one sporadic
established in our laboratory (MPNST-SP-01), and two NF1-related:
S462 and sNF96.2. The assay used for the screen quantitated cellular
ATP levels as a measure of cell viability/proliferation after 48 hours of
treatment. From the dose-response screening, several hundred com-
pounds were judged to be active based onCRC scores of –1.1, –1.2, and
–2.1, for each cell line (480 active compounds at MPNST-SP-01 cell
line, 507 at S462 and 410 at sNF96.2; refs. 24, 32). The CRC score is a
measure of both potency (AC50) and maximum response (MAXR),
which is the percentage of activity at the maximum tested concen-
tration (46 mmol/L). Differences between cell lines in the hierarchical
clustering of the screening responses viaMAXR (Fig. 1A) showed that
the three MPNST cell lines had distinct pharmacologic vulnerabilities.
Another parameter used to analyze the response of the drugs is the
Area under the curve (AUC), which includes both the potency and
efficacy of the compounds (33). When comparing the median AUC
values of different compounds grouped by their mechanism of action

(MOA) and target classes, while some mechanisms appear to have
similar effects (e.g., tyrosine or serine/threonine kinase inhibitors), for
other mechanisms (e.g., proteasome inhibitors or tubulin inhibitors)
the response is quite different between cell lines (Fig. 1B). In general,
the median AUC for each compound class is higher (less active) in the
sporadic cell line compared with the NF1 cell lines. The redundancy in
the number of compounds in each target class enabled us to perform
target enrichment analysis for the active compounds in each cell line
(Fig. 1C). There were only three target classes enriched (–log P value >
1) in all three cell lines (PIK3CA, CDK1, and PSMD1), and three
targets enriched in two cell lines: TUBB for MPNST-SP-01 and S462;
and histone deacetylase 1 (HDAC1) and MTOR for MPNST-SP-01
and sNF96.2. However, compounds targeting these enriched targets
displayed different ranges of responses, as measured by AUC, among
the three MPNST cell lines (Fig. 1D). We also performed a pharma-
cogenomic analysis and used exome sequencing data from the sporadic
MPNST-SP-01 primary tumor, and found that the distance between
somatic mutations and targets that were pharmacologically enriched
was shorter than expected, including ERBB2, EGFR, PIK3CA, and
PRKCA (Fig. 1E). The responses of compounds targeting these gene
products were, in general, stronger for MPNST-SP-01 compared with
the other two cell lines (Fig. 1F). On the basis of the target enrichment
data, high-quality CRC, clinical relevance, and pathways of therapeutic
interest, 25 compounds were selected to implement a pairwise all-
versus-all matrix screen to explore synergistic activity in the MPNST-
SP-01 and S462 cell lines and 50 compounds in sNF96.2 cell line.

Identification of synergistic compound combinations
The selected hits (75 among the three MPNST cell lines) were first

screened in an all-versus-all, pairwise, 6 dose � 6 dose-response
screening matrix. These experiments resulted in 300 discrete 6 � 6
matrices againstMPNST-SP-01 and S462 cell lines, and 1,326matrices
against sNF96.2 cell line, using CellTiter-Glo ATP measurement as
readout after 48 hours of treatment. Combinations that displayed
synergy at selected concentrations, as quantitated by multiple metrics
including the Bliss independence and the excess highest single agent
(HSA)models, were advanced into 10 dose� 10 dose-responsematrix
experiments (12). For the 10� 10matrix screen, two sets of plates were
generated, one for 48 hours treatment with CellTiter-Glo measure-
ment, and the second for 16 hours treatment with Caspase-Glo to
measure apoptotic cell death. A total of 113 10 � 10 dose-response
pairwise combination matrices were generated and screened with all
three MPNST cell lines (data in Materials and Methods). Hierarchical
clustering analysis using the Delta Bliss Sum Negative (DBsumNeg)
values for each matrix, with both the cell viability (Fig. 2A, left) and
apoptosis (Fig. 2A, right) readouts, shows that synergies are stronger
for the MPNST-SP-01 cell line at 48h, while they are weaker and
similar between the S462 and sNF96.2 cell lines.

When selecting combinations with DBSumNeg values lower than –
7, we observed different patterns of synergism among the three
MPNST cell lines (Fig. 2B). For example, from the eighteen combina-
tions that met this criterion for the MPNST-SP-01 cell line, seven
included Panobinostat (HDAC inhibitor) combined with compounds
targeting many different targets like Torin 2, NVP-BGT226, Carfilzo-
mib, Fluvastatin, Lenvatinib, Obatoclax, and Doxorubicin. Interest-
ingly, Panobinostat is not the compound driving most of the synergies
for the other two MPNST cell lines. Moreover, five combinations
including Doxorubicin (DNA damaging agent), and four including
NVP-BGT226 (mTOR inhibitor) were observed for this cell line. On
the other hand, from the eleven combinations thatmet the criterion for
S462, four included Doxorubicin with NVP-BGT226, Englerin A,
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Figure 1.

Summary of single-agent screening against MPNST-SP-01, S462, and sNF96.2 cell lines. A, Heatmap plot of percent maximum response parameter (MAXR)
measuring cell viability at 48 hours for all the compounds in the NCATS MIPE collection in the three MPNST cell lines. Red indicates a low percentage of cell viability,
and the green represents a high percentage of cell viability. B, Cell viability responses to all MIPE library agents (as judged by AUCs) binned per mechanistic classes.
C, Summary of the enriched MOA in the three MPNST cell lines. Red is MOA enriched in the three MPNST cell lines screened, orange is MOA enriched in two MPNST
cell lines (MPNST-SP-01 and S462), blue is MOA enriched in the MPNST-SP-01 and sNF96.2 cell lines.D, Plot of z-scores AUC for each compound tested, highlighting
MOA enriched in at least two different MPNST cell lines. E, Plot representing somatic mutations found in theMPNST-SP-01 and their distance to potential therapeutic
targets. F, Plot of z-score AUC for each compound highlighting MOA related to somatic mutations in the MPNST-SP-01.
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Neratinib, and Torin 2; and from 16 combinations for sNF96.2, four
combined Sirolimus (mTOR inhibitor) with AT-9283, Cabozantinib,
Crizotinib, and CUDC-101 (Supplementary Table S4).

Doxorubicin combined with MK-1775 and Panobinostat
combined with NVP-BGT226, Torin 2, and Carfilzomib are
synergistic in MPNST cell lines

The selection of synergistic combinations for further validation was
focused on those combinations showing synergism in at least two of the
threeMPNST cell lines (MPNST-SP-01, S462, and sNF96.2), based on
the DBSumNeg values. Also, visual inspection of the 10� 10 matrices
was taken into account when the DBSumNeg value was not a clear
indication of synergism (Supplementary Fig. S1).

Twenty-one combinations were further tested in vitro to obtain a CI
for each treatment according to dose-response curves. Synergy was
observed in 13 of the 21 combinations, where CI was lower than 0.9 at
Fa values higher than 0.8 (ref. 29; Table 1; Supplementary Fig. S2).
From these combinations, themost synergistic oneswere Panobinostat
combined with Torin 2, NVP-BGT226, and Carfilzomib. We also
selected the combination ofMK-1775 with Doxorubicin because, even
though the treatment did not kill cells beyond Fa¼ 0.85, the response
of the combined compounds in terms of cell viability was notably
increased compared with the individual drugs. These four combina-
tions exhibited low DBSumNeg (Table 1) and excess HSA values
(Fig. 3A) and synergistically decreased cell viability in theMPNST-SP-
01, S462, and sNF96.2 cell lines compared with individual treatments
(Fig. 3B andC).We then tested the four combinations in a broad panel
of MPNST cell lines: three sporadic (STS26T, HS-PSS, and HS-sch2)
and two NF1-derived cell lines (MPNST-NF1–08 and MPNST-NF1–
09).We observed a synergistic effect in almost all theMPNST cell lines,
independent of their NF1 status (Supplementary Fig. S3). In addition,
the combinations were also tested in a fibroblastic cell line, HFFs, to
evaluate general cell toxicity. Synergism was observed in all the

combinations containing Panobinostat, but at higher concentrations
than in the MPNST cell lines, indicating that tumor cells are more
sensitive to the treatment, but also pointing to potential cytotoxicity.
On the contrary, MK-1775 with Doxorubicin did not show synergism
in the HFF cell line (Supplementary Fig. S3).

Combined treatments induce apoptosis
To gain further insight into the nature of these four compound

combinations, we investigated their synergistic effect on the activation
of apoptosis by measuring in vitro the percentage of annexin-positive
cells and the fraction of cells at the sub-diploid (sub-G1) phase, both as
apoptosis readouts. We observed that Panobinostat combinations
presented a significantly higher percentage of annexin-positive cells
than individual treatments, confirming a potent apoptotic response in
both cell lines. The combination MK-1775 with Doxorubicin showed
an increased apoptotic response after treatment at high doses of the
combined compounds in both cell lines (Fig. 4A). We observed that
the combined treatment and the single compounds caused a greater
apoptotic response in the S462 cell line, proving that this cell line is
more sensitive to the treatments (Fig. 4A). The fraction of cells in the
sub-G1 phase in the four combinations treatment was also significantly
higher, confirming the synergy at the apoptotic level (Fig. 4B). The
apoptosis results obtained from annexin staining or phase sub-G1

analyses presented a good correlation in both cell lines (except for
MPNST-SP-01 treated with MK-1775 plus Doxorubicin). Moreover,
the percentage of cells in the G1/S/G2 phases of the cell cycle was
calculated to evaluate changes in the cell-cycle progression due to the
treatments (Fig. 4C). The most notable change was observed when
usingMK-1775 (Wee1 kinase inhibitor) as a single treatment, due to its
effect on the cell cycle via G2–Mcheckpoint inactivation, as we observ-
ed a decreasing proportion of cells in the G1 phase, which results in
S-phase accumulation (31). Panobinostat also promotes cell-cycle
arrest by blocking cells in the G2–M phase before cell death, thus

Figure 2.

Results from the drug combination screening. A, Heatmap plot from DBSumNeg value for viability (48 hours; left) and apoptosis (16 hours; right) readouts in the
MPNST-SP-01, S462, and sNF96.2 cell lines. Blue combinations display low values of DBSumNeg parameter indicating the presence of synergism, and red indicates
high values for the DBSumNeg parameter indicating no presence of synergism. B, Correlation between DBSumNeg values for cell viability at 48 hours and apoptosis
at 16 hours. The four combinations selected for in vivo testing are highlighted in black, and in red combinations with DBSumNeg<-7 in both readouts.
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observing a lower percentage of G1 cells and increased levels of G2 cells
in the three combinations using this compound (34).

The combination of MK-1775 with doxorubicin reduces tumor
growth in two PDOX mouse models engrafted with primary
sporadic and NF1-derived MPNSTs

We further tested the four combinations in vivo in patient-derived
orthotopic xenograft (orthoxenograft/PDOX)mousemodels from our
preclinical platform. Only MK-1775 with Doxorubicin reduced the

tumor growth comparedwith control and individual treatments in two
different PDOX-MPNST models: one sporadic PDOX (MPNST-SP-
01) and one NF1-related PDOX model (MPNST-NF1–09). The
treatment caused the final tumor volume in mice to be seven times
lower than the vehicle in the sporadic model after eighteen days of
treatment, and almost four times lower in the NF1-PDOX model
(Fig. 5A and B). This reduction was validated through tumor weight
measures once they were extracted from mice at the end of the
treatment. In the sporadic model, tumor weight was almost two times

Figure 3.

Panobinostat combined with NVP-BGT226, Torin 2, and carfilzomib, and MK-1775 combined with doxorubicin are synergistic in three MPNST cell lines.
A, Combination response blot representing 113 discrete drug synergy scores (as judged by the excess HSA metric) from the 10�10 matrix screen. Examples of
high-ranking drug synergies are highlighted in orange, including the combination of MK-1775 with Doxorubicin and Panobinostat combined with Torin 2, NVP-
BGT226, and Carfilzomib in the three MPNST cell lines screened. B, Single-agent and combined responses for the 4 combinations reported by theMTT viability assay
(left) and CI plot (left) in theMPNST-SP-01 cell line.C, Single-agent and combined dose–response plots reported by cell viability assay for the 4 combinations in S462
and sNF96.2 cell lines.
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Figure 4.

Combined treatments induce apoptosis. A, Apoptosis measurement quantified as annexin-positive cells in MPNST-SP-01 and S462 cell lines treated with single and
combined treatments MK-1775 with doxorubicin and NVP-BGT226/Torin 2/carfilzomib with panobinostat (unpaired t test). B, Apoptosis measurement
quantified as the percentage of cells in the sub-G1 phase in MPNST-SP-01 and S462 cell lines treated with the four combinations. C, Cell-cycle analyses in cells
treated with single agents and combinations in the MPNST-SP-01 cell line. CTL, untreated cells; NVP, NVP-BGT226; Pan, panobinostat; Tor, Torin 2; CFZ,
carfilzomib; Doxo, Doxorubicin; MK, MK-1775; N þ P, NVP-BGT226 þ panobinostat; T þ P, Torin 2 þ panobinostat; C þ P, carfilzomib þ panobinostat; M þ D,
MK-1775 þ doxorubicin (unpaired t test). ���� , P ≤ 0.0001; ��� , P ≤ 0.001; �� , P ≤ 0.01; � , P ≤ 0.05.
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lower than control, and three times lower in the case of the NF1-
related PDOX-MPNST. Moreover, treatment minimally reduced
mice’s body weight: approximately 10% in the NF1-related PDOX
and no detectable weight loss in the sporadic model (Fig. 5A and B).
In contrast, the three combinations selected with Panobinostat
neither reduced the tumor volume nor the final tumor weight in
the sporadic PDOX model (MPNST-SP-01) after 25 days of treat-
ment (Supplementary Fig. S4A and S4B) at the tested doses, which
were not toxic to the animals (Supplementary Fig. S4C). Higher
doses of the compounds were tested, but toxicity was observed
(Supplementary Table S2).

We also performed western blot to evaluate the expression of key
molecular targets of the compounds in control tumors and tumors
treated with the combinations. We observed a reduction of phosphor-
ylation of Cdk1 (P-Cdk1) in some tumors treated with the combina-
tion MK-1775 with Doxorubicin due to the inactivation of Wee1
kinase activity by MK-1775 (31). Moreover, this combination caused
higher levels of cleaved Caspase-3, which suggests activation of the
apoptosis pathway due to DNA damage caused by Doxorubicin
(Fig. 5C; ref. 35).

Some tumors treated using Panobinostat with Torin 2 and Pano-
binostat with NVP-BGT226 presented higher levels of acetylation of

Figure 5.

In vivo testing of the combinationMK-1775with doxorubicin in twoPDOX-MPNSTmousemodels for 18 days of treatment.A, Tumor reduction in the sporadicMPNST-
SP-01 PDOXmousemodel presented in twoplots: the increased tumor volume sinceday0 in each group during treatment (left panel), and tumorweight at the endof
the experiment (middle panel). The toxicity effect was assessed by changes inmouse bodyweight (right panel) (Mann–Whitney test).B, Tumor reduction in theNF1-
derived MPNST-NF1–09 PDOXmouse model presented in the same plots as A (Mann–Whitney test). The final tumor weight plot from MPNST-NF1–09 PDOXmodel
presented less than 5 points in control and single treatments groups because several mice were left alive to study the regrowth of the tumor. However, all the mice
were included in the plot representing tumor volume. C,Analyses of themolecular target of MK-1775 (P-Cdk1) and doxorubicin (cleaved caspase-3) byWestern blot
analysis. CTL,mice treatedwith vehicle; Doxo, mice treatedwith doxorubicin; MK,mice treatedwithMK-1775; MþD,mice treatedwith the combinationMK-1775 and
doxorubicin; �� , P ≤ 0.01; � , P ≤ 0.05.
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Histone 3 than controls, due to Panobinostat working as a HDAC
inhibitor (36). Also, phosphorylation of p70S6 kinase was reduced in
treated tumors, as both Torin 2 and NVP-BGT226 inhibit mTOR
kinase activity (37, 38). On the other hand, tumors treated with
Panobinostat and Carfilzomib did not show an increase in Histone
3 acetylation or an increase in the phosphorylation of JNK proteins, as
would be expected due to reactive oxygen species being produced by
the proteasome disruption by Carfilzomib (Supplementary Fig. S4D;
ref. 39). In general, results from Western blot were weak and not
statistically significant, likely due to the compounds being washed out
in the 24 hours between the last dose and tumor extraction.

Discussion
Our current study shows the results of a large-scale screening of

1,912 oncology-focused molecules on three MPNST cell lines (S462,
sNF96.2, and MPNST-SP-01). This HTS approach has been success-
fully applied tofind synergistic drug combinations for different cancers
and has suggested new therapeutic options thatworked in vivo (14, 28).

We found that the pharmacologic responses among theMPNST cell
lines differed and that synergistic combinations in the sporadic cell line
MPNST-SP-01 did not fully correlate with those in the NF1 lines, S462
and sNF96.2, probably due to the complex genomic landscape and
genetic variability between different MPNSTs (40). Although most of
the enriched targets identified have been previously suggested as
possible therapeutic targets for MPNSTs (41–43), clinical trials using
single agents have only so far shown response rates in the 18% to 44%
range (6). It has been argued that cellular and molecular MPNST
heterogeneity could limit the efficacy of single anticancer drugs in
eliminating all the malignant cells in a tumor (44). There is much
evidence that combination therapy could be superior to monotherapy
because of the ability to target multiple pathways, minimizing drug
resistance as cancer cells are frequently incapable of adapting to the
simultaneous toxic effects. Moreover, if two compounds present
synergism, the dose required for efficacy could be reduced (44). We,
therefore, looked for synergistic combinations effective against
MPNST cell lines. As a result of the single-agent MIPE library
screening, some compounds were selected based on potency, efficacy,
cellular target, and clinical relevance, and assayed in pairwise combi-
nations to identify potential potent synergies. From the 21 in vitro
selected combinations, four were identified as highly synergistic in a
panel of MPNST cell lines: MK-1775 with Doxorubicin, Panobinostat
withNVP-BGT226, Panobinostat with Torin 2, and Panobinostat with
Carfilzomib. The combinations containing Panobinostat (a histone
deacetylase inhibitor, HDACi) showed a potent apoptotic response in
tumor cells but also exhibited cytotoxicity. Dual PI3K-mTOR inhibi-
tors combined with HDACi have been effective in cell lines and mice
models of medulloblastoma, non–small cell lung cancer, and breast
cancer, among others (45–47). Moreover, there is also preclinical
evidence of the effectiveness of mTOR and HDAC inhibitors for
MPNSTs (48), in which the combined inhibition impinges on the
thioredoxin pathway, triggering catastrophic oxidative stress and cell
death, thus achieving tumor regression in vivo. In our study, none of
the two combinations using HDAC and PI3K-mTOR inhibitors
(Panobinostat with NVP-BGT226 or Torin 2) resulted in a reduction
of tumor volume in our sporadic PDOX-MPNSTmodel (MPNST-SP-
01). We also tested Panobinostat in vivo with Carfilzomib (a protea-
some inhibitor). This combination is in Phase I/II clinical trials
(NCT01496118 and NCT01301807) for patients with relapsed and
refractory multiple myeloma (49, 50). Also, it has been validated as
synergistic in osteosarcoma cell lines in vitro (51). The combination

triggers cell death through the accumulation of unfolded proteins that
cannot be degraded by the proteosome or aggresome, inwhichHDAC-
6 plays an important role (52). However, we did not observe the effect
of this combination on tumor volume in our MPNST-SP-01 PDOX
mouse model.

The observed differences in our in vivo experiments compared with
the data in the literature could be due to the polypharmacology of the
compounds, as well as to differences between tumor types. Another
factor is the drug doses used in the different studies.We initially treated
PDOX model MPNST-NF1–09 with 10 mg/kg of Panobinostat daily,
as described previously (48), after assessing that combinations with
Panobinostat at this dose were not toxic in non-engrafted nude mice
(Supplementary Table S2). Contrary to expected, engrafted mice did
not tolerate that dosage of Panobinostat. We then reduced the dose of
Panobinostat to 5 mg/kg for testing in the MPNST-SP-01 PDOX
model, whichwaswell tolerated by themice but did not produce tumor
reduction. This difference in the tolerance may be due to the mouse
strain; Malone et al used GEMMs on a C57BL6 background (48),
which may tolerate higher doses than our nude mouse strain. Carfil-
zomib was also used at higher doses in other tumor types in C57BL6
mice (3–5 mg/kg), but such concentrations were lethal in our mouse
model (53).We concluded that combinations that induce high levels of
apoptosis in vitro, such as the three tested with Panobinostat, may not
be good therapeutic approaches forMPNSTs, as toxicitymay not allow
the administration of the doses needed to effectively inhibit HDAC in
nude mice PDOXmodels, therefore not achieving tumor reduction. It
could be interesting to test these combinations in anothermouse strain
with higher drug tolerance.

The fourth combination validated in our panel of MPNST cell lines
is MK-1775, a Wee1 inhibitor, with Doxorubicin, a DNA-damaging
agent. Further analyses demonstrated that this combination is not as
apoptotic as the combinations using Panobinostat. The combination
of Wee1 inhibitors with DNA damaging agents has proved effective
in vitro and in vivo for some other cancers. For instance, MK-1775 and
Gemcitabine had synergy in vitro against MPNST (among other
sarcomas cell lines) in other works (54) and reduced tumor volume
in PDOX mouse models of pancreatic cancer, and MK-1775 with
Cisplatin reduced tumor growth in gastric cancer (55, 56). This
therapeutic approach has been described to be more effective in TP53
mutated tumors, as the G2–M checkpoint (which is disrupted by MK-
1775) is the only one that prevents tumor cells from programmed
death due to DNA damage caused by the other compound (31).
In vitro, we observed that MK-1775 with Doxorubicin presented
higher drug activity in the MPNST cell lines with TP53 mutated
(MPNST-SP-01, S462, MPNST-NF1–09, HS-sch2, and STS26T). Syn-
ergywas not observed in thewild-typeTP53 cell linesMPNST-NF1–08
and HS-PSS and sNF96.2 presented less synergy than the TP53
mutated cell lines. In vivo, MK-1775 with Doxorubicin significantly
reduced tumor growth compared with single treatments in two
PDOX-MPNST models, one sporadic (MPNST-SP-01) and one
NF1-related (MPNST-NF1–09), both TP53 mutated. The effect in
both primary tumorsmatched the effects seen in their isolated cell lines
where synergism was validated. Specifically, mice treated with the
combination showed a significant tumor growth reduction in the
MPNST-SP-01 and MPNST-NF1–09 PDOX models compared with
the control group. It has been described that NF1-derived MPNSTs
may have a lower response rate to chemotherapy than sporadic
tumors, which agrees with our results (6). Overall, this less apoptotic
combination proved to be a better therapeutic approach for MPNSTs,
as toxicity effects were not observed inmice at the doses used to achieve
tumor growth reduction.
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In conclusion, the data presented here clearly show the potential of
our screening platform for the discovery of potential combination
therapies and presented results suggesting the combination of MK-
1775 with Doxorubicin as a potential therapy for MPNST treatment,
especially for those with TP53 mutated, although further studies on
sequencing and dosing preclinically may yield more information that
can assist in moving these combinations forward into the clinic.
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Carrió, Bernat Gel,

Eduard Serra

bgel@igtp.cat (B.G.)

eserra@igtp.cat (E.S.)

Highlights
A comprehensive

genomic resource of

widely used MPNST cell

lines is presented

Genomic, epigenomic,

and marker information

improve MPNST

differential diagnosis

Genomic analysis

detected misidentified

and misdiagnosed

MPNST cell lines

Misdiagnosed cell lines

exhibited a different drug-

treatment response

Magallón-Lorenz et al.,
iScience 26, 106096
February 17, 2023 ª 2023 The
Author(s).

https://doi.org/10.1016/

j.isci.2023.106096

ll
OPEN ACCESS



iScience

Article

Deep genomic analysis of malignant peripheral
nerve sheath tumor cell lines challenges current
malignant peripheral nerve sheath tumor diagnosis

Miriam Magallón-Lorenz,1,20 Ernest Terribas,1,20 Sara Ortega-Bertran,2,3 Edgar Creus-Bachiller,2,3,4

Marco Fernández,5 Gerard Requena,5 Inma Rosas,6,7 Helena Mazuelas,1 Itziar Uriarte-Arrazola,1 Alex Negro,6,7
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SUMMARY

Malignant peripheral nerve sheath tumors (MPNSTs) are soft-tissue sarcomas of
the peripheral nervous system that develop either sporadically or in the context
of neurofibromatosis type 1 (NF1). MPNST diagnosis can be challenging and
treatment outcomes are poor. We present here a resource consisting of the
genomic characterization of 9 widely used human MPNST cell lines for their use
in translational research. NF1-related cell lines recapitulated primary MPNST
copy number profiles, exhibited NF1, CDKN2A, and SUZ12/EED tumor suppres-
sor gene (TSG) inactivation, and presented no gain-of-function mutations. In
contrast, sporadic cell lines collectively displayed different TSG inactivation
patterns and presented kinase-activating mutations, fusion genes, altered muta-
tional frequencies and COSMIC signatures, and different methylome-based clas-
sifications. Cell lines re-classified as melanomas and other sarcomas exhibited a
different drug-treatment response. Deep genomic analysis, methylome-based
classification, and cell-identity marker expression, challenged the identity of
common MPNST cell lines, opening an opportunity to revise MPNST differential
diagnosis.

INTRODUCTION

Malignant peripheral nerve sheath tumors (MPNSTs) are aggressive soft tissue sarcomas that arise from

cells of the peripheral nervous system and account for 3-10% of all malignant soft tissue tumors.1 Half of

these tumors develop in the context of the tumor predisposition syndrome Neurofibromatosis type 1

(NF1) while the other half are sporadic neoplasms.2,3 The MPNST incidence in the general population is

1 in 100,0002–4 whereas the lifetime risk of an NF1 individual developing an MPNST is 10-15%.2,5 Due to

its invasive growth and propensity to metastasize, MPNSTs have a poor prognosis and are the leading

cause of adult NF1-related mortality.2,5 Like many soft tissue sarcomas, complete resection with wide

margins is essential in MPNST therapy, followed by radiation and/or chemotherapy.6–8

MPNSTs are usually high-grade malignant spindle cell neoplasms arising in association with large periph-

eral nerves.9 Their diagnosis can be challenging, especially outside of individuals with NF1, since MPNSTs

are rare tumors and specific histological criteria have not been completely established.10–12 In the context

of NF1, MPNSTs often progress from a pre-existing benign plexiform neurofibroma, commonly through an

intermediate discrete nodular tumor termed atypical neurofibroma or ANNUBP.12,13 Although neurofi-

bromas contain numerous S100B/SOX10-positive Schwann cells and CD34-positive fibroblasts, the expres-

sion of both markers is significantly reduced or absent in MPNSTs.12

MPNSTs contain hyperploid and highly rearranged genomes with a low mutation burden.14–17 Several

tumor suppressor genes (TSGs) are commonly mutated, including NF1, CDKN2A, and components of
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the polycomb repressive complex 2 (PRC2), including SUZ12 and EED. TP53 is also frequently lost or

mutated. MPNSTs also show recurrently altered chromosomal regions, particularly constituting somatic

copy number gains (revised in Serra et al. 202018). Complete loss of CDKN2A, often caused by structural

alterations, seems to constitute a bottleneck for MPNST formation.19,20

Established cell lines are an important tool for gaining insight into cancer biology and treatment. However,

there are also different caveats in their use as faithful and useful models, with issues including misidentifi-

cation and cross-contamination and poor characterization of similarity to their tumor source.21–24 There is

no dedicated registry for MPNST cell lines, but according to Cellosaurus (https://web.expasy.org/

cellosaurus/), around forty different MPNST cell lines may have been established by different laboratories,

derived from both sporadic and NF1-related MPNSTs. Some of these MPNST cell lines are well distributed

among labs25,26 or deposited in global repositories (ATCC, RIKEN). These lines have been used as a pri-

mary tool for the identification of molecular pathways involved in MPNST pathogenesis,27,28 and served,

for instance, for the identification of MEK inhibitors as useful therapeutic agents.29 Some can be engrafted

in mice to generate genuine orthotopic MPNST tumors.30,31 However, a systematic and comprehensive

genomic characterization of these MPNST cell lines is still missing, limiting the use of these cell lines for

precision medicine or pharmacogenomic studies.

In this work, we performed a deep genomic characterization of 8 commonly used MPNST cell lines,25,26

identifying heterogeneity regarding the structure of the genome, the inactivation of tumor suppressor

genes, the frequency of mutations, the mutational signatures, and the presence of gain-of-function muta-

tions, especially among sporadic MPNST cell lines. This characterization challenged the identity of the spo-

radic MPNST cell lines studied and prompted us to use a methylome sarcoma classifier and to perform

immunofluorescence of known cell identity markers. Our results, in addition to providing a valuable

resource, uncover the necessity of systematically analyzing MPNSTs, combining pathology with genomic

and molecular results, for improved differential diagnosis and classification of these malignancies.

RESULTS

A genomic resource for neurofibromatosis type 1-associated and sporadic malignant

peripheral nerve sheath tumor cell lines

We started with 9 NF1-associated and sporadic MPNST cell lines for a short tandem repeat (STR) authen-

tication analysis and a comprehensive genomic characterization. We first performed an interspecies PCR of

all cell lines to identify any possible interspecies cross-contamination (Data S1). Then we performed a hu-

man STR authentication analysis to identify any possible cross-contamination or misidentification among

cell lines of human origin (Table S1). All STR profiles matched the STR profiles published in Cellosaurus

and ATCC when available. However, in this process, we identified the same STR profile for ST88-14 and

T265 cell lines (Data S2) in all ST88-14- and T265-related samples provided by different laboratories. To

find out which cell line was misidentified we analyzed the oldest ST88-14 and T265 stored vials in their orig-

inal labs and more conclusively, the primary tumor from which the ST88-14 cell line was isolated (Data S2).

We identified the ST88-14 cell line as the genuine cell line for that STR profile, NF1 germline (c.1649dupT)

mutation and somatic copy number alteration landscape, and dismissed the use of the T265 cell line, which

we assume was misidentified at some point after its establishment and expansion. Note that ST88-14 NF1

germline mutation is not correctly described in certain repositories and publications.

We performed a comprehensive genomic characterization of the remaining 8 MPNST cell lines. Table 1

summarizes information on patients and MPNSTs from which cell lines were established and on their

NF1 mutational status. It also provides a reference to the original description of each cell line. With

them, we performed flow cytometry, SNP-array analysis, whole-exome sequencing, and whole-genome

sequencing techniques. We compiled information about their ploidy, global copy-number profile and

loss of heterozygosity (LOH) status, structural rearrangements, single nucleotide variants (SNVs), andmuta-

tional signatures, and summarized the mutational status of a set of selectedMPNST-related genes. With all

these data we elaborated a practical summary sheet for each cell line, containing the most relevant

information (Data S3).

A plethora of different ploidies

We first intended to characterize the karyotype of each MPNST cell line by spectral karyotyping (SKY) and

G-banding staining. Both techniques produced results difficult to summarize consistently (data not shown),
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possibly due to the high degree of variability when analyzing multiple metaphases from the same cell line

and to the highly rearranged nature of MPNST genomes. Therefore, we decided to analyze the ploidy by

propidium iodide staining analysis using flow cytometry (Figure 1A), which revealed a striking diversity

among the 8 MPNST cell lines. Most of them exhibited ploidies higher than 2n, three clearly around 4n

(S462, HS-Sch-2, STS-26T), yet two cell lines were 2n or less (sNF96.2, HS-PSS). In addition, two cell lines,

NF90-8 and NMS-2, showed two cell populations with different ploidy, resembling the result of a genome

duplication event in the population with higher ploidy (Figure 1A). STS-26T cell line was composed of two

subpopulations with slightly different ploidies. Themean ploidy of each cell line was also calculated consid-

ering this diversity.

Malignant peripheral nerve sheath tumor cell lines faithfully recapitulate the genomic copy

number profile of primary malignant peripheral nerve sheath tumors

Next, we performed a global copy number analysis using SNP-array data from the 8 MPNST cell lines. To

verify whether these cell lines were capturing the copy number profiles present in primary MPNST tumors,

we also analyzed SNP-array data from an independent set of primary MPNSTs previously analyzed,19 and

compared the genomic profiles of cell lines and tumors (Figure 1B). Taken together, the copy number

profiles of the 8MPNST cell lines recapitulated fairly well those present in primary MPNSTs. Themost recur-

rently gained genomic regions were chromosomes 7, 8, and 17q; and chromosome 9p was the most recur-

rently lost genomic region. When we separated NF1-related and sporadic MPNSTs, NF1-related cell lines

mostly maintained these profiles and recurrences, but the three sporadic cell lines (Figure 1B) differ

substantially in many genomic regions (see for example shaded gray regions in Figure 1B).

We also performed a copy number analysis from all cell lines based onWGS data. In addition, we obtained

a B-allele frequency (BAF)-like profile from variant-allele frequencies (VAF) and a log-R ratio (LRR) from

coverage. We plotted them together with the resulting LOH determination and copy number calling

from SNP-array comparing both independent sets of data (Figure 2; Data S4 for a high-resolution profile).

The use of both technologies for generating the same data allowed the validation of the results with all cell

lines displaying similar BAF and LRR profiles. It also underscored the difficulty of using copy number callers

for analyzing the highly altered MPNST genomes, indicating the necessity of estimating copy number

changes in MPNSTs by different means. In addition to its known hyperploid genome, our analysis identified

a high degree of generalized LOH (e.g.: almost the entire genome of the sNF96.2 cell line), perhaps point-

ing to the inactivation of TSGs before the gain of chromosomal regions. Finally, it must be noted that the

copy number profile of a given MPNST cell line differed a bit from lab to lab, in terms of a certain number of

different genomic alterations. By comparing the genomic profiles of different batches of the same cell lines

obtained from distinct labs, we found that despite being quite stable, genomes of MPNST cell lines can

Table 1. General description of the eight MPNST cell lines analyzed

S462 ST88-14 NF90-8 sNF96.2 NMS-2 STS-26T HS-Sch-2 HS-PSS

Type of human

MPNST

primary,

grade IV

primary primary,

from PNF

primary primary metastasis,

grade III/III

primary,

low grade

UNK

MPNST localization thigh retroperitoneum left forearm leg right thigh left scapula left thigh prostate

NF1/Sp NF1 NF1 NF1 NF1 NF1 Sp Sp Sp

Age of patient 19 24 17 27 30 51 54 UNK

Sex of patient F M F M M F F M

Original Reference Frahm-2004 Fletcher-1991 Legius-1994 Perrin-2007 Imaizumi-1998 Dahlberg-1993 Sonobe-2000 n/a

NF1 constitutional

pathogenic variant

c.6855C>A

p.Y2264X

Frahm-2004

c.1649dupT

p.V551Gfs*7

Varin-2016

c.3904_3910del

p.D1302Yfs*5

Wu-1999

c.3683delC

p.N1229Mfs*11

Perrin-2007

c.6999+1G>T

(splice donor)

NF1 somatic

pathogenic

variant

LOH LOH LOH LOH LOH LOH c.270_288del

p.E91Nfs*6;

c.3113+1G>A

(splice donor)

MPNST: Malignant peripheral nerve sheath tumor; NF1/Sp: NF1-related/Sporadic MPNST; F:Female; M: Male; Bold annotations: mutations described in this

article; LOH: Loss of Heterozygosity; UNK: Unknown.
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A

B

Figure 1. MPNST cell lines have different ploidies and recapitulate the genomic copy-number profile of primary

MPNSTs

(A) Ploidy status of MPNST cell lines obtained by flow cytometry. Each row represents a cell line, with the mean ploidy

shown on the right side. HFF were used as 2n control cells.

ll
OPEN ACCESS

4 iScience 26, 106096, February 17, 2023

iScience
Article



accumulate changes in chromosomal regions (Data S5). Part of this inter-laboratory variability could be

removed after growing the cell line as a xenograft in mice31 when growth selective pressure is applied.

Structural variants as key players for tumor suppressor gene inactivation

Ploidy and copy number profile comprise a partial description of the genomic status of MPNST cell lines.

We also took advantage of WGS data to analyze the presence of structural variants, represented by

different types of chromosomal rearrangements (Figure 3). This analysis revealed that in addition to being

hyperploid, MPNST genomes were highly rearranged, adding an extra layer of complexity. Structural

changes were spread over all chromosomes, although certain cell lines such as ST88-14 and HS-PSS

showed some genomic regions with a high frequency of adjacent rearrangements. Importantly, as previ-

ously reported,19 structural changes caused the inactivation of key MPNST TSGs, such as CDKN2A,

PRC2 genes, and TP53 (Data S6), that had been previously missed when WGS data was not available.

Furthermore, WGS also facilitated the unexpected identification of a translocation resulting in the

generation of a fusion gene EML4-ALK variant 5a32 in the HS-PSS cell line, which was validated by RT-

PCR, amplification, and sequencing (Data S6). The significant number of structural variants identified

together with the copy number profiles and ploidy exhibited, demonstrates the complex genomic

landscape of MPNST cell lines, with highly altered but also fairly stable genomes.

The limited importance of small genomic variants

In contrast to the rich number of gross structural alterations, fine-scale analysis of small variants, including

single-nucleotide variants (SNVs) and small indels, uncovered a relatively moderate impact of these alter-

ations in MPNSTs. We used WES and WGS data from all cell lines to call small variants. Since we did not

have available non-tumoral tissue counterparts for these cell lines, we filtered the small variants to partially

remove germline variants and obtain a call set enriched in somatic variants. The number of variants with a

potential impact on protein function in this dataset was modest (Table S2), particularly for NF1-associated

MPNST cell lines, which harbored a mean of 129 SNVs. We then used this quasi-somatic variant dataset to

estimate the contribution of the COSMIC mutational signatures33 in the variant profile of the MPNST cell

lines (Figure 4A). This analysis did not identify a particular mutational mechanism prevalent in MPNSTs and

showed a major contribution of clock-like signatures (signatures 1 and 5), comparable with previous obser-

vations in other sarcomas.17 However, the STS-26T cell line in addition to exhibiting a higher number of

mutations compared to the other cell lines (about two times the average of the rest of the cell lines),

also presented an important contribution from signature 7, predominantly found in skin cancers (see later

in discussion).

The functional impact of small variants in oncogenes and TSGs was also moderate. We identified some

MPNST-related genes inactivated by pathogenic SNVs (Figure 4B and Table S3). In addition to germline

NF1 mutations, somatic mutations also affected NF1, as well as other genes including TP53, PRC2 genes,

and PTEN. Remarkably, we did not identify gain-of-function mutations in oncogenes, except a BRAF V600E

mutation in the STS-26T cell line. In contrast, we identified gains in genomic regions containing receptors,

especially a highly gained region containing PDGFRA and KIT in two NF1-related cell lines (S462 and

NF90-8) (Figure 4B). The most frequently inactivated gene in our set of cell lines was CDKN2A, a known

bottleneck for MPNST development.19,20 The fact that this gene was inactivated by a point mutation

only in one cell line, exemplifies the relatively low functional impact of small variants compared to structural

variants in MPNST initiation.

The combination of genome, methylome, and expression marker analysis, represent useful

tools for a better differential diagnosis and classification of malignant peripheral nerve

sheath tumors

This complete description of the genomic status of MPNST cell lines uncovered a fair degree of diversity

among them, prompting us to question the MPNST identity of the sporadic cell lines and to perform a

Figure 1. Continued

(B) Aggregated copy number profiles comparing MPNST cell lines and tumors. Y axis represents the mean number of

gained (orange) or lost (green) alleles by sample type and Y axis genomic position. Cell lines are plotted in the upper part

of each graph, represented by light colors, and tumors in the lower part, represented by dark colors and with inverted Y

axis. Three different groups of samples are represented. From top to bottom: all MPNSTs; NF1-associated MPNSTs; and

sporadic MPNSTs.
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Figure 2. Global view of the copy number profiles of all MPNST cell lines studied

Copy number profiles from SNP-array and WGS data. For both technologies, B-allele frequency (BAF) and Log-R Ratio (LRR) are represented (see STAR

Methods for details). Warm colors represent copy number gains, whereas light green indicates a heterozygous loss and dark green a homozygous loss. Loss

of heterozygosity (LOH) detected by using SNP-array data is highlighted by a thick blue line. The genomic location of MPNST-associated genes is indicated

by a vertical black line with the gene symbol at the upper part of the graph. See Data S3 for a high-resolution profile of each cell line, chromosome by

chromosome.
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further characterization. Since sarcomas comprise a morphologically heterogeneous class of tumors and

their diagnosis has been hampered by a high misclassification rate, we decided to perform methylome

analysis of all cell lines in comparison to established reference cohorts of different peripheral nerve sheath

Figure 3. Structural rearrangements as key players for tumor suppressor gene inactivation

Circos plots showing the chromosomal rearrangements identified in the different MPNST cell lines. Blue lines represent inter-chromosomal rearrangements

and orange lines intra-chromosomal rearrangements. These rearrangements were obtained using Lumpy and CliffHunteR on WGS data.
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and soft tissue tumors34 to clarify whether there was a problem in the diagnosis of MPNSTs or on the

identification and classification of different MPNST types. Figure 5A shows a dimension reduction using

Uni-form Mani-fold Approximation and Projection (UMAP) analysis plot. While all NF1-related MPNST

cell lines were located within the MPNST cluster, the sporadic cell lines lay within the melanoma cluster

(STS-26T and HS-Sch-2 cell lines) or within the not fully characterized group of MPNST-like sarcomas

(HS-PSS cell line). With these results, we decided to further characterize the 8 cell lines by performing im-

munostaining for 3markers: SOX9, SOX10, and S100B. SOX9 is normally expressed inMPNSTs28 and also in

melanomas.35 SOX10 and S100B are markers that define the neural crest-Schwann cell differentiation axis

but also the neural crest-melanocytic path. Both markers are frequently reduced or absent in MPNSTs

A

B

Figure 4. Small genomic variants have limited importance in altering MPNST-associated genes

(A) Mutation number and estimated contribution of COSMIC mutational signatures in MPNST cell lines. Each bar represents the total number of somatically

enriched single nucleotide variants (SNVs) found in an MPNST cell line. Each color represents a different COSMIC mutational signature.

(B) Status of the commonly altered genes in MPNSTs. A gray square represents a wild type (WT) status of the gene; a blue line indicates the presence of loss

of heterozygosity (LOH) detected by using SNP-array data; a black dot a small nucleotide variant affecting the gene; a black triangle indicates that the gene is

affected by a structural variant (SV); copy number gain (CN gain) is represented by a thin red square; and a thick red square denotes a highly gained region

affecting the gene. A homozygous loss of a gene is specified by a thin dark green square and the complete inactivation of a gene is represented by a black

cross. Note that all NF1-related MPNST cell lines have the complete inactivation of NF1, CDKN2A and the PRC2 complex. In addition, CDKN2A is also

inactivated in sporadic cell lines.
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Figure 5. Genome, methylome, and marker analysis: useful tools for a better differential diagnosis and MPNST classification

(A) UMAP analysis of the methylome profile of the MPNST cell lines in comparison to different soft tissue tumor types.34 The upper part of the plot provides a

global view of the classification. Each dot represents a sample and every color is a different sarcoma type. The lower part of the graph is an inset

magnification of a specific part containing all the MPNST cell lines analyzed. All NF1-related MPNST cell lines group within the MPNST methylation group

(light green). HS-PSS cell line clustered with theMPNST-like sarcomas group (black) and STS-26T and HS-Sch-2 clustered together with the melanoma group

(dark green).

(B) Immunofluorescence images showing expression of SOX9, SOX10, and S100Bmarkers in the different cell lines. DAPI was used to stain nuclei. Scale bars:

100mm.

(C) Summary table of the genomic, methylome, and marker expression status of all MPNST cell lines. Genomics contains the status of NF1, CDKN2A, PRC2,

and TP53 genes (blue, complete gene inactivation (�); yellow wild type (WT); light green heterozygous deletion (Het)); percentage (%) of breakpoints

affecting the genome +/� 1 mb; the number (#) of small nucleotide variants per sample; the # of exonic small nucleotide variants with a potential impact on

protein function. Methylome contains the methylome-based classification of each cell line. Expression markers contain the expression of SOX9, SOX10, and
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according to theWHO classification,36 lost in transitions of ANNUBP toward a low-gradeMPNST12 and also

significantly downregulated/absent using expression analysis28; and data not shown). In contrast, SOX10

and S100B are frequently expressed in melanoma.37 All cell lines stained positive for SOX9 (Figure 5B).

All NF1-related cell lines stained negative for SOX10 and S100B, as did the STS-26T sporadic cell line. In

contrast, HS-PSS and HS-Sch-2 sporadic cell lines stained positive for SOX10 and, in addition, HS-Sch-2

also stained positive for S100B (Figure 5B), moving them away from a classic MPNST identity.

Altogether, the fine landscape of genomic alterations, methylome-based classification, marker expression,

and particular informative gain-of-function mutations, captured a fair degree of variability among MPNST

cell lines (Figure 5C) uncovering the probable misidentification of some of the tumors from which the spo-

radic cell lines were isolated and also the need of a complete and systematic characterization of additional

MPNST tumors and cell lines to better understand whether MPNSTs constitute a homogeneous group of

tumors or there exist different types.

To investigate the impact of genomic differences identified genuine MPNST cell lines and the ones poten-

tially misidentified (Figure 5C), we performed a drug response assay. We used aMEK inhibitor targeting the

loss of the NF1 gene (Selumetinib) and a BET inhibitor targeting the inactivation of PRC2 (JQ1), since both

TSGs had different inactivation patterns in the two groups of cell lines (Figure 4B). Both compounds tested

showed a higher impact on cell viability in NF1-related cell lines, compared to the sporadic ones

(Figure 5D), highlighting the importance of correct diagnostics of MPNSTs.

DISCUSSION

We performed a deep genomic characterization of 9 of the most distributed and used MPNST cell lines25

including cell lines banked in repositories (ATCC, RIKEN). Before this analysis, we performed authentica-

tion assays which resulted in discarding the T265 cell line since it exhibited the same STR profile as the

ST88-14 and its matched primary MPNST (Data S2).

Despite the diverse ploidies exhibited by the MPNST cell lines, NF1-related cell lines faithfully reproduced

the copy number profiles present in primary MPNST tumors, something that was not true for sporadic cell

lines. These results reinforce the idea that despite the high degree of genomic alterations, MPNSTs contain

quite stable genomes, as shown by comparing primary tumors with derived orthotopic PDX.31 Our use of

WGS was crucial for more complete detection of genomic alterations present in MPNSTs, due to the

significant number of structural variants present.19 This was especially important for detecting the inactiva-

tion of MPNST-related tumor suppressor genes (TSGs), particularly for CDKN2A and the PRC2-related

genes (SUZ12/EED). The use of WGS also allowed the identification of fusion genes, such as EML4-ALK,

generated by an inversion affecting both genes in the HS-PSS sporadic cell line. The presence of fusion

genes is common in other types of soft tissue sarcomas that otherwise contain genomes with few genomic

alterations. However, fusion genes are not common in the karyotypically complex MPNSTs.38 In concor-

dance with this idea, and supporting a non-MPNST identity, in addition to the EML4-ALK fusion gene,

the HS-PSS cell line contained a ploidy close to 2n, containing only a few copy number alterations and

structural changes (Figures 1A and Figures 2 and 3, and Data S4).

In contrast to the importance of somatic copy number alterations and structural rearrangements, MPNST

cell lines exhibited amodest frequency of mutations, with moderate functional impact, mainly involving the

inactivation of TP53. Notably, the frequency and the type of mutation signatures exhibited provided an

important differential indicator. While all cell lines exhibited a similar number of mutations and similar

mutational signatures, the STS-26T cell line contained a much higher number of mutations and an

important contribution from mutational signature 7, predominantly found in skin cancers.

Genomic alterations or mutations constituting a gain-of-function were not common in NF1-related MPNST

cell lines. In fact, we identified only two cell lines (S462 and NF90-8) with a highly gained region in

Figure 5. Continued

S100B identity markers (yellow for expression (+); blue for absence (�). The ‘‘other important information’’ column summarizes additional relevant

information identified in each cell line.

(D) Cell viability assay upon treatment with different concentrations of Selumetinib and JQ1 of the NF1-related cell lines (blue) and the sporadic cell lines

(orange). Each dot represents the mean of three independent experiments and error bars represent the standard deviation. The percentage of cell viability

was calculated by normalizing the values to DMSO control cells.
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chromosome 4 containing the PDGFRA and KIT receptors, consistent with previous reports39,40 but not, for

instance, kinase-activating mutations or translocations, like those involving NTRK genes.41 In contrast, we

identified the BRAF V600E mutation in the STS-26T cell line and the already mentioned EML4-ALK fusion

gene in the HS-PSS cell line.

Our deep genomic characterization (ploidy, copy number profile, structural variants, mutation frequencies,

and signatures, presence of gain-of-functionmutations, and alteredMPNST-related genes) questioned the

MPNST identity of the analyzed sporadic cell lines. Methylome-based classification34 and immunofluores-

cence of cell identity markers (SOX9, SOX10, S100B) complemented genomic analysis. STS-26T cell line

contained a functional PRC2 complex and the BRAF V600E mutation. It also exhibited a much higher

mutation frequency than the other cell lines and an important COSMIC signature 7, predominantly present

in skin cancers as previously described by Hayward et al. (2017).42 Finally, a methylome classifier unequiv-

ocally classified it as amelanoma. Taking together our compiled evidence, in our opinion, the original diag-

nosis of a ‘‘malignant schwannoma’’43 if made today would probably be ‘‘melanoma.’’ In this regard, it

would be interesting to further analyze MPNSTs with BRAF V600Emutations described in the literature44–46

using additional tools like mutation frequencies and signatures, methylome classifier, and cell identity

marker expression. The HS-Sch-2 cell line showed a WT status for PRC2 genes but harbored the complete

inactivation ofNF1 and CDKN2A. It was classified as melanoma by the methylome classifier and expressed

the markers SOX10 and S100B. The expression of these two markers is lost in transitions from atypical

neurofibromas to MPNSTs and is commonly significantly reduced or absent in MPNSTs.12 The HS-Sch-2

cell line also stained negative for the melanoma marker Melan-A (data not shown). The combination of

positive staining for SOX10 and S100B and negative staining for Melan-A is characteristic of desmoplastic

melanoma,47 which also commonly exhibits the complete inactivation ofNF1 andCDKN2A,48,49 neurotrop-

ism and nerve infiltration,50,51 the latter described in the original publication of this cell line.52 Finally, HS-

PSS also showed a WT status for PRC2 genes, was assigned to the provisional and not fully characterized

‘‘MPNST-like sarcoma’’ methylation group, was positive for SOX10, contained an almost unaltered genome

proximal to 2n but harbored a translocation generating the fusion gene EML4-ALK. This fusion gene is

associated with a type of sarcoma termed epithelioid inflammatory myofibroblastic sarcoma53,54 which

also contain a spindle cell component, being the most probable identity of the tumor from which HS-

PSS was derived.

Preliminary data on drug treatment using these cell lines showed a different impact on cell viability

between genuine MPNST cell lines and the ones potentially misidentified, highlighting the importance

of correct MPNST diagnostics for better clinical management.

Despite the potential misdiagnosis of the three sporadic cell lines studied here, it is important to remark

that these results do not imply that all sporadic MPNSTs (and derived cell lines) are not genuine

MPNSTs. In fact, deep genomic analysis of primary MPNSTs (Magallón-Lorenz et al. in preparation),

confirmed the existence of sporadic MPNSTs exhibiting the same genomic characteristics as the NF1-

related MPNST cell lines reported here. Conversely, our results neither discard the misidentification of

MPNSTs in the NF1 setting.

In summary, the new genomic and epigenomic characterization of MPNST cell lines provided in this work

uncovered the misidentification of the commonly used NF1-related T265 MPNST cell line and, in addition,

compiled multiple pieces of evidence to question the identity of the three sporadic MPNST cell lines

analyzed here, proposing alternative identities for all of them: amelanoma for STS-26T; a desmoplasticmel-

anoma for the HS-Sch-2 cell line; and an epithelioid inflammatory myofibroblastic sarcoma for the HS-PSS.

These results may imply the need of determining the impact of their use in previous and probably current

works being performed, considering the new information provided. It also alerts us, as a scientific commu-

nity, that we need to improve the characterization and control of the cell lines and tissues we use in our

research. But above all, it provides an opportunity to look ahead and improve our understanding of what

is an MPNST and which types might exist. In this regard, a systematic combination by different laboratories

of histological characterization together with these newways of analyzing genomes and epigenomes opens

the door to revising the manner we perform differential diagnostics of MPNSTs and related tumors.

Our results, in addition to generating a valuable resource for the study of new therapeutic strategies for

MPNSTs, uncover the need to systematically analyze MPNSTs, combining pathology with genomic and
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molecular techniques. Genomic analysis such as copy number profiles, structural variants, mutation fre-

quencies and signatures, presence of gain-of-function mutations, and the inactivation of specific TSGs,

together with methylome-based sarcoma classification and cell identity marker analysis, emerge as

valuable tools for a better differential diagnosis and classification of MPNSTs.

Limitations of the study

Different limitations of this study exist. The cell lines used heremay not completely represent the repertoire

of recurrent genomic alterations present in MPNSTs due to their type and limited number. In addition, the

use of established MPNST cell lines makes difficult the availability of the original MPNST for comparison

purposes or of a normal pair tissue for the identification of a reliable set of somatic variants. Finally, all spo-

radic cell lines used here may be misclassified, which urges for the deep genomic characterization of

additional MPNST cell lines.
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ernment of Catalonia [2017-SGR-496], CERCA Program. MM-L is supported by Fundación Proyecto

Neurofibromatosis.

AUTHOR CONTRIBUTIONS

Conception and design of the work: MM-L, ET, BG, and ES. Project supervision: BG and ES. Bioinformatic

analysis and visualization: MM-L, BG. Experimental work acquisition, analysis and interpretation: ET, MM-L,

MC, MAF, GR, IR, HM, IU-A, AN, JF-R, BG, and ES. Additional resources: JF, DR, and CL. Drug testing: SO,

EC-B, and JF-R. Methylome analysis and sarcoma classifier: DR and TL. Writing original draft: MM-L, ET,

BG, and ES. Writing, reviewing, editing, and scientific input: all authors. All authors also approved this

version of the article.

DECLARATION OF INTERESTS

The authors declare that they have no competing interests.

Received: July 26, 2022

Revised: November 23, 2022

Accepted: January 26, 2023

Published: January 31, 2023

REFERENCES
1. Grobmyer, S.R., Reith, J.D., Shahlaee, A.,

Bush, C.H., and Hochwald, S.N. (2008).
Malignant peripheral nerve sheath tumor:
molecular pathogenesis and current
management considerations. J. Surg. Oncol.
97, 340–349. https://doi.org/10.1002/jso.
20971.

2. Evans, D.G.R., Baser, M.E., McGaughran, J.,
Sharif, S., Howard, E., and Moran, A. (2002).
Malignant peripheral nerve sheath tumours in
neurofibromatosis 1. J. Med. Genet. 39,
311–314. https://doi.org/10.1136/jmg.39.
5.311.

3. Ferner, R.E., and Gutmann, D.H. (2002).
International consensus statement on
malignant peripheral nerve sheath tumors in
neurofibromatosis. Cancer Res. 62,
1573–1577.

4. Ducatman, B.S., Scheithauer, B.W., Piepgras,
D.G., Reiman, H.M., and Ilstrup, D.M. (1986).
Malignant peripheral nerve sheath tumors. A
clinicopathologic study of 120 cases. Cancer
57, 2006–2021. https://doi.org/10.1002/1097-
0142(19860515)57:10<2006.

5. Uusitalo, E., Rantanen, M., Kallionpää, R.A.,
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse IgG anti-Sox9 Abcam Cat# ab76997

RRID:AB_2194156

Rabbit IgG anti-Sox10 Abcam Cat# ab108408

RRID:AB_10859341

Rabbit IgG anti-S100B DAKO Cat# Z0311

RRID:AB_10013383

Goat anti-Mouse IgG

(H + L) Alexa Fluor 488

Thermo Fisher Scientific Cat# A-11001

RRID:AB_2534069

Goat anti-rabbit IgG

(H + L) Alexa Fluor 568

Thermo Fisher Scientific Cat# A-11011

RRID:AB_143157

Chemicals, peptides, and recombinant proteins

DMEM Biowest Cat# L0106-500

FBS Biowest Cat# S181B-500

L-glutamine Gibco Cat# 25030024

Trypsin-EDTA 0.25% Gibco Cat# 25200–056

PBS Biowest Cat# L0615-500

DMSO Sigma-Aldrich Cat# 276855

JQ1 MedChemExpress Cat# HY-13030

Selumetinib Tocris Cat# 6815

DAPI Stemcell Technology Cat# 75004

Paraformaldehyde Santa Cruz Animal Health Cat# sc-281692

Triton X-100 Sigma-Aldrich Cat# X100

Vectashield Vector Laboratories Cat# H-1000-10

Critical commercial assays

Maxwell 16 LEV simply

RNA Purification Kit

Promega Cat# AS1270

AmpFlSTR Identifiler Plus

Amplification kit

Applied Biosystems Cat# 4322288

Quant-iT� PicoGreen�
dsDNA Assay

Thermo Fisher Scientific Cat# P7589

BigDye Terminator v.3.1

Sequencing Kit

Applied Biosystems Cat# 4337455

MTT assay Sigma-Aldrich Cat# M2128-1G

Gentra Puregene Core Kit A Qiagen Cat# 153667

Deposited data

WES and SNP-array data

of 8 MPNST cell lines

Magallón-Lorenz et al. (2021)19 https://nf.synapse.org/ Synapse:

syn22392179

WGS of 8 MPNST cell lines This paper https://nf.synapse.org/ Synapse:

syn22392179
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

Human: S462 cell Frahm et al. (2014)55 RRID: CVCL_1Y70

Human: ST88-14 cells Fletcher et al. (1991)56 RRID: CVCL_8916

Human: NF90-8 cells Legius et al. (1994)57 RRID: CVCL_1B47

Human: sNF96.2 cells Perrin et al. (2007)30

ATCC

CRL-2884; RRID: CVCL_K281

Human: NMS-2 cells Imaizumi et al. (1998)58

RIKEN

RCB2347; RRID: CVCL_4662

Human: T265 cells Badache et al. (1998)59 RRID: CVCL_S805

Human: STS-26T cells Dahlberg et al. (1993)43 RRID: CVCL_8917

Human: HS-Sch-2 cells Sonobe et al. (2000)52

RIKEN

RCB2230; RRID: CVCL_8718

Human: HS-PSS cells RIKEN RCB2362; RRID: CVCL_8717

Human: HFF-1 ATCC SCRC-1041; RRID:CVCL_3285

Oligonucleotides

Primers for interspecies PCR assay,

see Supplementary Data S1, Table1

This paper N/A

Primers for CDKN2A and

TP53 breakpoints, see

Supplementary Data S6, Table1

This paper N/A

Primers for EML4-ALK fusion gene Takeuchi et al. (2008)32 https://doi.org/10.1158/1078-0432.CCR-08-1018

Software and algorithms

CLC workbench 6 software Qiagen https://digitalinsights.qiagen.com/products-

overview/discovery-insights-portfolio/analysis-

and-visualization/qiagen-clc-main-workbench/

FlowJo BD Bioscience https://www.flowjo.com/

Integrative Genomic Viewer (IGV) Robinson et al. (2011)60 https://software.broadinstitute.org/software/igv/

BWA-MEM Li (2013)61 http://arxiv.org/abs/1303.3997

Strelka2 Kim et al. (2018)62 v2.9.10

https://github.com/Illumina/strelka/blob/v2.9.x/

docs/userGuide/quickStart.md

annovar Wang et al. (2014)63 v 20191024 https://annovar.openbioinformatics.org/

en/latest/#annovar-documentation

Lumpy-smoove Layer et al. (2014)64 Lumpy (v0.2.13)-smoove (v0.2.5)

https://github.com/brentp/smoove

CNVkit Talevich et al. (2016)65 v0.9.7

https://cnvkit.readthedocs.io/en/stable/

CliffHunteR In-house software https://github.com/TranslationalBioinformaticsIGTP/

CliffHunteR

Circos Connors et al. (2009)66 v0.69–8

http://circos.ca/

R https://cran.r-project.org/ 4.0.2

Bioconductor https://bioconductor.org 3.11

CopyNumberPlots https://doi.org/10.18129/

B9.bioc.CopyNumberPlots

v1.4.0 https://bioconductor.org/packages/

release/bioc/html/CopyNumberPlots.html

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Eduard Serra (eserra@igtp.cat) and Bernat Gel (bgel@igtp.cat).

Materials availability

HS-Sch-2, HS-PSS, NMS-2 and HFF cell lines are commercially available. The other MPNST cell lines used in

this study are available from the lead contact upon request.

Data and code availability

d WGS data generated in this paper, SNP-array andWES data of the 8 different MPNST cell lines data pre-

viously generated in Magallón-Lorenz et al. (2021),19 are jointly deposited in a publicly accessible unified

repository at Synapse (https://www.synapse.org/#!Synapse:syn22392179/wiki/605466) (https://doi.org/

10.7303/syn22392179) and is part of the NF Data Portal (https://nf.synapse.org/).

d The code used in this paper is available on GitHub (https://github.com/TranslationalBioinfor

maticsIGTP/MPNSTcellLines) and archived on Zenodo (https://doi.org/10.5281/zenodo.7524265).

CliffHunteR, an in-house software, is available on GitHub (https://github.com/TranslationalBio

informaticsIGTP/CliffHunteR) and also archived at Zenodo (https://doi.org/10.5281/zenodo.7524539).

d Any additional information required to analyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

MPNST and other established cell lines

In this study, we used a set ofMPNST cell lines that contains some of themost frequently usedMPNST cell lines

togetherwitha fewwhich canbe found in known repositories (ATCC,RIKEN).WestudiedsixNF1-associatedcell

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

KaryoploteR Gel and Serra (2017)67 v1.14.0

http://bioconductor.org/packages/release/

bioc/html/karyoploteR.html

mutSignatures Fantini et al. (2020)68 v2.1.1

https://cran.r-project.org/web/packages/

mutSignatures/index.html

umap R package v0.2.7.0

https://cran.r-project.org/web/packages/

umap/index.html

Other

H.sapiens NCBI reference genome

GRCh38 with no ALT sequences

NCBI https://ftp.ncbi.nlm.nih.gov/genomes/all/

GCA/000/001/405/GCA_000001405.15_

GRCh38/seqs_for_alignment_pipelines.ucsc_ids/

GCA_000001405.15_GRCh38_no_alt_

analysis_set.fna.gz

COSMIC Mutation Data The Catalog Of Somatic

Mutations In Cancer (COSMIC)

COSMIC v92

ICGC Somatic Mutations International Cancer

Genome Consortium (ICGC)

ICGC Release 28

Structural Variants problematic regions Chiang et al. (2015)69 https://github.com/hall-lab/speedseq/blob/

master/annotations/exclude.cnvnator_

100bp.GRCh38.20170403.bed

Database of Genomic Variants (DGV) MacDonald et al. (2014)70 https://genome.ucsc.edu/cgi-bin/hgTables
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lines: S462 (RRID:CVCL_1Y70),55 ST88-14 (RRID:CVCL_8916),56 NF90-8 (RRID:CVCL_1B47),57 sNF96.2

(RRID:CVCL_K281),30 NMS-2 (RRID:CVCL_4662),58 and T265 (RRID:CVCL_S805),59 although the latter was dis-

carded as it was found to be misidentified; and three sporadic lines: STS-26T (RRID:CVCL_8917),43 HS-Sch-2

(RRID:CVCL_8718)52 and HS-PSS (RRID:CVCL_8717). Table 1 summarizes clinical information about patients

and tumors from whom these cell lines were established. Human foreskin fibroblast (HFF-1, ATCC: SCRC-

1041) were used as control cells for ploidy analysis. All cell lines were cultured under standard conditions

(37�Cand 5%CO2)withHighGlucoseDMEMwith sodiumpyruvate (Biowest) supplementedwith 10%FBS (Bio-

west) and 2 mM L-glutamine (Gibco). They were passaged and harvested using trypsin-EDTA (Gibco).

METHOD DETAILS

DNA extraction

Total DNA was extracted from cell lines using the Gentra Puregene Kit (Qiagen). DNA was quantified with

Nanodrop 1000 spectrophotometer (Thermo Scientific). For SNP array, whole exome and genome

sequencing and methylome experiments, a fluorescence-based quantification of DNA was performed

either by using the Quant-iT PicoGreen dsDNA Assay (Thermo Fisher Scientific) or a Qubit fluorometer

(Life Technologies).

STR profiling

DNA fingerprinting of short tandem repeats (STRs) was conducted for all MPNST cell lines using the

AmpFlSTR Identifiler Plus Amplification kit (Applied Biosystems) following the manufacturer’s instructions.

This kit is based on the analysis of 16 microsatellites, including the nine STRs used by the ATCC.

Calculation of cell ploidy by flow cytometry

About 1–2x106 cells from each cell line were trypsinized, washed with PBS, and fixed in ice-cold 70% ethanol

for 2h at �20�C. Then, cells were washed with PBS and resuspended in a citrate-phosphate buffer for at

least 30 min, up to 2h. Cells were then washed with PBS- 1% FBS and propidium iodide (PI) was added. Cells

in PI solution were treated with DNAse-free RNAse A for 30–45 min at 37�C and were ready for flow cytom-

etry analysis. All samples were analyzed on a FACSCanto II flow cytometer (BD Biosciences, San Jose CA)

and a total of 10,000 single cells were analyzed for each sample. Aggregated cells were excluded by gating

out on a biparametric plot with DNA content pulse area versus width. Data was analyzed using FlowJo soft-

ware (BD Biosciences, San Jose, CA). HFF-1 were used as 2n control cells.

NF1 mutational status

Sanger sequencing was used to confirm previously describedNF1 constitutional pathogenic variant of the

cell lines S462,55 ST88-14,71 NF90-8,72 sNF96.2.30 In this project, we identified the constitutional NF1 path-

ogenic variant of NMS-2 cell line, and the NF1 pathogenic variants present in the HS-Sch-2 cell line by

whole-exome sequencing (see below) which were also confirmed by Sanger sequencing. We used specific

primers targeting the mutation region in each case and the BigDye Terminator v.3.1 Sequencing Kit

(Applied Biosystems). Sequences were generated with the ABI Prism 3100 Genetic Analyzer (Applied Bio-

systems) and analyzed with CLC Main Workbench 6 software.

SNP-array analysis

SNP-array data from the different cell lines and tumors was obtained from Magallon-Lorenz et al. (2021).19

In short, the analysis was performed using Illumina BeadChips (Human660W-Quad, OmniExpress v1.0 and

OmniExpress 1.2) at the IGTP High Content Genomics Core Facility. Raw data were processed with Illumina

Genome Studio to extract B allele frequency (BAF) and log R ratio (LRR). We used GAP73 to perform copy-

number calling.

Whole-exome sequencing (WES) and whole-genome sequencing (WGS)

WES from the 8 MPNST cell lines was also previously analyzed in Magallón-Lorenz et al. (2021).19 In short,

the exome was captured using Agilent SureSelect Human All Exon V5 kit (Agilent, Santa Clara, CA, US) and

sequenced in a HiSeq instrument (Illumina, San Diego, CA, US) at Centro Nacional de Analisis Genomicos

(CNAG, Barcelona, Spain) to a median of 165.5 million 100 bp paired-end reads per sample. Sequencing

reads were then mapped with BWA-MEM61 against GRCh38 genome.
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The whole genome of two cell lines (ST88–14 and S462) had already been sequenced for Magallón Lorenz

et al. (2021).19 The WGS of the other 6 cell lines were produced for this work at BGI (Shenzhen, China). In

short, the 6 libraries were prepared following standard DNBseq protocols, sequenced in a BGISEQ-500 to a

median of 881million 150 bp paired-end reads per sample andmapped with bwamem against the GRCh38

genome.

Selection of putatively pathogenic somatic variants using WES and WGS

Small nucleotide variants were called with strelka262 and annotated with annovar.63 We filtered strelka2 re-

sults from WGS data to select potentially driver variants affecting protein function as follows: we selected

exonic and splicing variants and removed all synonymous variants then, we filtered out variants with a pop-

ulation frequency (AF_popmax) higher than 1%, classified as benign in ClinVar,74 annotated as benign or

likely benign in Inter-Var automated,75 present in 3 or more of the cell lines or classified as pathogenic

in more than 5 out of 7 in-silico predictors (SIFT pred,76 PolyPhen2 HDIV pred,77 LRT pred, Mutation Taster

pred,78 Mutation Assessor pred,79 FATHMM pred,80 CLNSIG74) Then, we filtered out those variants with a

variant allele frequency (VAF) lower than 0.1 as these variants were deemed as unlikely to be present in the

original malignant cell. In addition, we removed non-frameshift deletion or insertion variants present in

dbSNP and variants in highly variable genes (MUC3A, MUC5AC, OR52E5, OR52L1, SMPD1, PRAMEF

and LILR). Finally, we filtered out the variants present in dbSNP except for those included in COSMIC so-

matic mutations (https://ftp.ncbi.nlm.nih.gov/snp/others/rs_COSMIC.vcf.gz) or the International Cancer

Genome Consortium (ICGC) (https://ftp.ncbi.nlm.nih.gov/snp/others/snp_icgc.vcf.gz) variant lists. WES

data was processed using the same approach and used to validate the variants identified in WGS data.

Mutational signatures

Raw variants called by Strelka2 in WGS data were also the basis for the mutational signature analysis. Since

normal pairs were not available, we applied a series of filters to approximate a somatic callset: we filtered

out the variants with a population frequency (AF_popmax) higher than 1%, called in more than one cell line,

with a variant allele frequency (VAF) lower than 0.1 and, variants in highly variable genes (MUC3A, MU-

C5AC, OR52E5, OR52L1, SMPD1, PRAMEF and LILR). We also filtered out the variants in dbSNP except

for those present in COSMIC and ICGC. We used this call set enriched in somatic variants with the mut-

Signatures68 R package to estimate the contribution of each of the thirty COSMIC mutational signatures

to the mutational profile of each cell line.

Copy number variants (CNVs) from WGS

We called copy-number alterations from WGS using CNVkit65 with the recommended settings for WGS

data with no matched normal pair (flat reference, difficult region black-list (https://github.com/Boyle-

Lab/Blacklist/blob/master/lists/hg38-blacklist.v2.bed.gz), -no-edge option and 1000 bp bins). To obtain

the exact copy number profile of each sample we used the threshold method with sample-specific thresh-

olds defined considering the ploidy of each cell line obtained by flow cytometry. Summarized and per-cell

line copy number profiles were plotted using the CopyNumberPlots (10.18129/B9.bioc.CopyNumberPlots)

and karyoploteR67 R packages.

Structural variants and detection of fusion genes

We used LUMPY64 via Smoove (https://github.com/brentp/smoove) as a structural variant (SV) caller with

parameters for small cohorts and excluding the problematic regions defined in https://github.com/hall-

lab/speedseq/blob/master/annotations/exclude.cnvnator_100bp.GRCh38.20170403.bed.60 We also used

CliffHunteR (https://github.com/TranslationalBioinformaticsIGTP/CliffHunteR), an in-house developed

sensitivity-oriented R package for breakpoint detection, and a thorough visual inspection using Integrative

Genomic Viewer (IGV)60 to detect breakpoints affecting tumor suppressor genes associated with MPNSTs

(NF1, CDKN2A, SUZ12, EED, TP53, PTEN, RB1). To discard germline structural variants, we filtered out SVs

present in the Database of Genomic Variants (DGV)70 and the SVs with the same breakpoints in more than

two MPNST cell lines. Inter-chromosomal and intra-chromosomal rearrangements were plotted using

circos.66 We defined the genome region affected by an SV as 1 Mb upstream and downstream of its break-

points. To investigate the presence of known fusion genes, we crossed the SV breakpoints detected by

LUMPY and CliffHunteR with the fusion genes in COSMIC (https://cancer.sanger.ac.uk/census).
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DNA methylation and Uni-form Mani-fold Approximation and Projection (UMAP) analysis

DNA methylation profiles were generated using the Infinium MethylationEPIC (850k) BeadChip array (Illu-

mina, San Diego, USA) according to the manufacturer’s instructions. The data was processed as previously

described.34 The two-dimensional UMAP81 embedding was created using the 20,000 most variable CpGs

from the DNA methylation profiles of the cell lines and the reference cohorts of soft tissue tumors.34 The

UMAP analysis was performed using the R package umap (version 0.2.7.0) with default parameters except

for n_neighbors = 8.

Validation of inter-chromosomal rearrangements

Inter-chromosomal rearrangements detected by LUMPY or CliffHunteR affecting genes commonly altered

in MPNST were validated by PCR and Sanger sequencing. PCR primers, annealing temperatures and

amplicon lengths are summarized in Data S6.

Fusion gene validation

EML4-ALK v5a fusion gene breakpoints were detected by LUMPY in HS-PSS cell line. EML4-ALK fusion

gene was validated by RT-PCR and Sanger sequencing. Total RNA from HS-PSS cell line was extracted us-

ing the 16 LEV simplyRNA Purification Kit (Promega) following the manufacturer’s instructions in the

Maxwell 16 Instrument (Promega). RNA was quantified with a Nanodrop 1000 spectrophotometer (Thermo

Scientific). RNA (0.5 mg) was reverse transcribed using the Superscript III reverse transcriptase enzyme (Life

technologies) according to the manufacturer’s instructions. PCR primers, annealing temperatures, and

amplicon lengths were previously described by Takeuchi et al. (2008).32

Immunocytochemical analysis

Cells were fixed in 4% paraformaldehyde (PFA) (Santa Cruz Animal Health) in PBS for 15 min at room tem-

perature, permeabilized with 0.1% Triton X-100 in PBS for 10 min, blocked in 10% FBS in PBS for 15 min, and

incubated with the primary antibodies, SOX10, SOX9 and S100B overnight at 4�C. Secondary antibodies

were Alexa Fluor 488- and Alexa Fluor 568- (Thermo Fisher Scientific). Nuclei were stained with DAPI

(Stem Cell Technologies, 1:1000). Slides were mounted with Vectashield (Vector laboratories), and cover-

slips were secured with polish nail.

Cell viability assay

Compounds (Selumetinib and JQ1) were prepared at 10 mmol/L in DMSO, and were diluted 5-fold from

40 mmol/L to 0.064 mmol/L, with DMSO. Cells were seeded in 96-well plates (Corning) at a density between

2.000 and 10.000 cells/well. 24 h later, drugs were added in three replicates. After 48 h of incubation with

the drugs, cell viability was analyzed using MTT assay (Sigma-Aldrich), following manufacturer’s instruc-

tions. The percentage of cell viability was calculated by normalizing the values to DMSO control cells.

QUANTIFICATION AND STATISTICAL ANALYSIS

Bioinformatic analysis is thoroughly described in the method details section, including the exact software

and statistical methods used. The meaning of value of n, and/or dispersion and precision measure (SEM)

can be found in the Figure 5 legends.
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Malignant peripheral nerve sheath tumors (MPNSTs) are aggressive soft-tissue

sarcomas with a poor survival rate, presenting either sporadically or in the

context of neurofibromatosis type 1 (NF1). The histological diagnosis of

MPNSTs can be challenging, with different tumors exhibiting great histologi-

cal and marker expression overlap. This heterogeneity could be partly respon-

sible for the observed disparity in treatment response due to the inherent

diversity of the preclinical models used. For several years, our group has been

generating a large patient-derived orthotopic xenograft (PDOX) MPNST plat-

form for identifying new precision medicine treatments. Herein, we describe

the expansion of this platform using six primary tumors clinically diagnosed as

MPNSTs, from which we obtained six additional PDOX mouse models and

three cell lines, thus generating three pairs of in vitro–in vivomodels. We exten-

sively characterized these tumors and derived preclinical models, including

genomic, epigenomic, and histological analyses. Tumors were reclassified after

these analyses: three remained as MPNSTs (two being classic MPNSTs), one

was a melanoma, another was a neurotrophic tyrosine receptor kinase

(NTRK)-rearranged spindle cell neoplasm, and, finally, the last was an unclas-

sifiable tumor bearing neurofibromin-2 (NF2) inactivation, a neuroblastoma
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ANNUBP, Atypical neurofibromatous with unknown biological potential; BAF, Biallelic frequency; CI, Combination Index; CN, Copy number;

GAP, Genome Alteration Print; IC50, Half-maximal inhibitory dilution; ICGC, International Cancer Genome Consortium; IGV, Integrative

Genome Viewer; LOH, Loss of heterozygosity; LRR, Log R ratio; MPNST, Malignant peripheral nerve sheath tumor; NF1, Neurofibromatosis

type 1; PDOX, Patient-derived orthotopic xenograft; PDT, Population doubling time; PRC2, Polycomb repressive complex 2; SNV, Single
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RAS viral oncogene homolog (NRAS) oncogenic mutation, and a SWI/SNF-

related matrix-associated actin-dependent regulator of chromatin (SMARCA4)

heterozygous truncated variant. New cell lines and PDOXs faithfully recapitu-

lated histology, marker expression, and genomic characteristics of the primary

tumors. The diversity in tumor identity and their specific associated genomic

alterations impacted treatment responses obtained when we used the new cell

lines for testing compounds against known altered pathways in MPNSTs. In

summary, we present here an extension of our MPNST precision medicine plat-

form, with new PDOXs and cell lines, including tumor entities confounded as

MPNSTs in a real clinical scenario. This platform may constitute a useful tool

for obtaining correct preclinical information to guide MPNST clinical trials.

1. Introduction

Malignant peripheral nerve sheath tumors (MPNSTs)

account for about 3–10% of all soft-tissue sarcomas [1];

half of them occur in patients with neurofibromatosis

type 1 (NF1), an autosomal dominant genetic disorder

with an incidence at birth of 1 : 2000–1 : 3000 [2,3].

The lifetime risk of developing an MPNST in NF1

patients is around 8–15% [4,5], constituting the leading

cause of mortality in these patients [4,6]. In the NF1

clinical context, MPNSTs usually arise from preexisting

benign plexiform neurofibromas (pNF), which can

undergo premalignant transformation into atypical neu-

rofibromas (ANNUBPs) before MPNST generation.

ANNUBPs, in addition to NF1 loss, harbor CDKN2A

inactivation as a common genomic loss in the progres-

sion toward MPNSTs [7,8]. Malignant peripheral nerve

sheath tumor cells contain highly rearranged and hyper-

ploid genomes with a low mutation burden and few

recurrent alterations [9]. A core MPNST tumor suppres-

sor gene (TSG) mutational pattern consists of the recur-

rent inactivation of NF1, CDKN2A, and components of

the polycomb repressive complex 2 (PRC2; SUZ12 and

EED); less frequently, TP53 is also inactivated [10-12].

Interestingly, some drugs can target these pathways,

such as MEK inhibitors (NF1 loss), CDK4/CDK6

inhibitors (loss of CDKN2A), and BRD4 inhibitors

(PRC2 loss of function), and some have been tested in

preclinical [13,14] or clinical [15-17] contexts. However,

clinical trials of typical cytotoxic drugs have shown

response rates ranging from 18 to 44%, indicating that

drug combinations will be required for efficient treat-

ment [18]. Doxorubicin and ifosfamide have been used

as the standard chemotherapy regimen for MPNSTs;

however, a 10-year institutional review found no corre-

lation between chemotherapy and patient survival [19].

Currently, complete surgical excision with clear margins

is the standard treatment option for local MPNST

disease [20,21]; nevertheless, its success is limited by

tumor infiltration, resulting in a high relapse rate [21].

In addition, the diagnosis of MPNSTs may be challeng-

ing, especially in the sporadic context, which may con-

tribute to low efficacy of MPNST treatments.

Nowadays, specific histological criteria for MPNST

diagnosis are lacking [22,23], and other tumor entities

share histological characteristics with MPNSTs. The

more usual MPNST histology includes the presence of

spindle cells with a fascicular growth pattern and areas

with high hypercellularity, sometimes called a ‘classic’

MPNST [24]. However, in many cases, MPNST histol-

ogy may differ from this usual pattern.

In vitro and in vivo models are paramount to study-

ing MPNST biology and testing new therapeutic

approaches. At least 44 NF1 or sporadic MPNST cell

lines from primary tumors, metastases, or mice tumors

have been described (Cellosaurus version 45, updated

in March 2023) [25,26]. Several in vivo tumor models

have been developed to study MPNSTs, including

xenograft models of patient-derived cells injected sub-

cutaneously or orthotopically [25], genetically engi-

neered mouse models (reviewed in [27]), and patient-

derived xenografts [28-31]. Our laboratory previously

reported the establishment and validation of four

MPNST patient-derived orthotopic xenograft (PDOX)

mouse models [32]. We also demonstrated that PDOX

mouse models closely resemble primary tumors at dif-

ferent levels, histologically and molecularly [32].

Over several years, our group has collected a total

of 43 primary, relapsed, and metastatic tumors clini-

cally diagnosed as MPNSTs from NF1 and sporadic

patients and have generated PDOX models from most

of them for precision medicine preclinical studies and

the discovery of new therapeutic treatments [33,34]. In

this work, we enlarge our preclinical platform by char-

acterizing, at the molecular and histological level, six

primary tumors diagnosed as MPNSTs by clinical
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pathology. Furthermore, we describe the establishment

of six PDOX models and three cell lines directly

derived from primary tumors, generating three cell

line-PDOX model pairs from the same tumors.

Finally, the established cell lines were used to test dif-

ferent known MPNST drugs, evidencing that both

genomic status and misidentification of tumor entities

are at least partially responsible for the observed het-

erogeneity in MPNST treatment response.

2. Materials and methods

2.1. Patients, animal, and cell models

2.1.1. Primary tumor acquisition and processing

Six primary tumors from different unrelated patients

were identified and removed from January 2011 to

March 2016 at different hospitals from the Barcelona

area (Bellvitge, Vall Hebron, and Germans Trias i

Pujol). Clinical data from the patients are summarized

in Table S1. Five of the patients did not receive any

treatment before surgery. Only one patient (SP-06)

received neoadjuvant radiotherapy. After surgery, a

piece of each tumor was stored in DMEM culture

medium supplemented with 10% fetal bovine serum

(FBS; Gibco, Waltham, MA, USA) at room tempera-

ture (RT) before being sent to our laboratory. Small

pieces of each tumor were directly frozen in liquid

nitrogen for DNA, RNA, and protein extraction;

other fragments were frozen in FBS with 10% DMSO

for cell culture establishment and mouse engraftment.

Written informed consent was obtained from all sub-

jects, and the study received IDIBELL IRB (#PR213/

13) approval. The experimental protocols followed the

Declaration of Helsinki.

2.1.2. Animal care conditions

Six-week-old male Athymic Nude-Foxn1nu (Envigo,

Indian�apolis, IN, USA) mice weighing 18 to 22 g were

used in this study. Animals were housed in a sterile

environment, in cages with autoclaved bedding, food,

and water. The mice were maintained on a daily 12-h

light/12-h dark cycle.

2.1.3. Human tumor engraftment for PDOX generation

and perpetuation

Fresh surgical specimens were implanted in athymic

nude mice, as described previously [32]. Briefly, fresh

surgical specimens were minced into small fragments

2–3 mm3 in size, grafted close to the sciatic nerve, and

grown surrounding the epineurium. The MPNST-

PDOX procedure was approved by the campus Ani-

mal Ethics Committee and complied with AAALAC

(Association for Assessment and Accreditation of Lab-

oratory Animal Care International) procedures.

2.1.4. Establishment of cell lines from primary human

tumors

Fresh tumors were minced into small fragments and

digested with 100 U�mL�1 collagenase (C0130; Sigma-

Aldrich, Burlington, MA, USA) and 1 U�mL�1 dis-

pase (LS02100; Worthington Corporations, Lakewood,

NJ, USA) in DMEM medium supplemented with 10%

FBS and 100 lg�mL�1 Penicillin/Streptomycin (Bio-

West, Nuaill�e, France). After 18 h of incubation,

digested tissue was filtered through a 40 lm filter to

seed single cells in 6-well plates. Cell lines were initially

maintained for 10 passages at 37 °C and 10% CO2.

Subsequently, cells were cultured at 5% CO2. In this

work, the following established cell lines were also

used: NF1-derived 88-14 (RRID: CVCL_8916) [35]

and S462 (RRID: CVCL_1Y70) [36], and sporadic

STS-26T (RRID: CVCL_8917) [37]. All details regard-

ing these three cell lines, as well as the laboratories

originating and providing these cell lines, are described

in Magall�on-Lorenz et al. [38]. Cell lines were vali-

dated as Mycoplasma negative and were retested every

2 months. Cell lines have been authenticated in the

past 3 years by performing short tandem repeat (STR)

profile authentication.

2.2. Tumor-derived cell lines characterization

2.2.1. Morphological analysis

Cells were plated in 10 cm plates and grown to 30%

or 90% confluency to observe their morphology at low

and high confluence, respectively, using a Leica DM

IL LED optical microscope through Leica Microsys-

tems’ contrast phase mode (Leica Biosystems, Deer

Park, IL, USA).

2.2.2. STR authentication

DNA fingerprints were obtained using the

AmpFLSTR Identifiler Plus PCR Amplification kit

(Applied Biosystems, Waltham, MA, USA), according

to the manufacturer’s protocol. The combination of

markers used is consistent with worldwide recommen-

dations for identity testing. The kit amplifies 15 tetra-

nucleotide STR loci and the gender-determining

marker, amelogenin, in a single PCR amplification.
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2.2.3. Fluorescence immunostaining

Cells were plated in 12-well Corning� (Corning, NY,

USA) plates using coverslips (12 mm Ø) and fixed for

15 min in 4% paraformaldehyde when highly conflu-

ent. Then, cells were permeabilized in PBS 1x-0.1%

Triton and blocked using PBS 1x-10% Goat serum for

30 min. Primary antibodies SOX9 (1 : 100, ab76997;

Abcam, Cambridge, UK), smooth muscle actin (SMA,

1 : 100, RB-9010-R7; ThermoFisher Scientific, Wal-

tham, MA, USA), EGFR (1 : 50, ab32562; Abcam),

p75 (1 : 100, AB-N07; ATSbio, Carlsbad, CA), and

S100B (1 : 1000, Z031129; Dako, Glostrup, Denmark)

were diluted in PBS-1% Goat serum and incubated

overnight at 4 °C. Secondary antibodies Alexa Fluor

488 goat anti-mouse (1 : 1000, A11029; Invitrogen,

Waltham, MA, USA), Alexa Fluor 488 donkey anti-

rabbit (1 : 1000, 711-545-152; Jackson ImmunoRe-

search, Philadelphia, PA, USA), and Alexa Fluor 568

goat anti-rabbit (1 : 1000, A11036; Invitrogen) were

diluted in PBS-10% Goat serum and incubated for 1 h

at RT. After washing three times with PBS 1x, DAPI

diluted in PBS (1 : 1000, 62248; ThermoFisher Scien-

tific) was added for 10 min and then washed three

times, and finally, coverslips were mounted in Immu-

Mount (9990402; ThermoFisher Scientific). Images

were acquired using a Nikon Eclipse 80i fluorescence

microscope with NIS-Elements Microscope Imaging

Software and analyzed using IMAGEJ FIJI software

(Lexington, KY, USA).

2.2.4. Cell cycle

A total of 2.5 9 105 cells from a 50–60% confluent

plate were fixed using 70% cold-ethanol and dyed with

a mixture of PBS-1% FBS, propidium iodide

(0.0625 mg�mL�1; Sigma-Aldrich), and RNAse A

(10 lg�mL�1; Sigma-Aldrich) for 30–45 min at 37 °C.
Samples were analyzed via a FACSCANTO II (BD Bio-

science, Franklin Lakes, NJ, USA) flow cytometer.

Each cell line was analyzed in duplicate.

2.2.5. Growth kinetics and migration properties

2.2.5.1. Population doubling time

Population doubling times (PDTs) of cell lines were esti-

mated using two different methodologies: dyeing cells

with Trypan Blue (Sigma-Aldrich) to count living cells

using an optical microscope or by using a colorimetric

cell viability assay [3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-

nyl-tetrazolium bromide] (MTT). In the first approach,

cell lines were seeded in triplicate in 6-well plates to reach

100% confluence after 7–8 days of culture. Living cells

were counted every 24 h using a Fast Reader 102� (Bio-

sigma, Cona, Italy). Population doubling time was calcu-

lated by the following formula: PDT = (t2 � t1)/3.32x

(log n2 � log n1), where t = time in days and n = number

of cells. In the second approach using MTT, cell lines

were seeded in six replicates in 96-well plates to reach

100% confluence after 7–8 days of culture. The MTT

assay was performed every 24 h by adding 0.5 mg�mL�1

MTT (M2128; Sigma-Aldrich) to each well. After 2 h of

incubation, the formazan precipitate generated by cells

was diluted using a 1 : 3 solution of Glycine buffer

(0.1 M NaCl and 0.1 M Glycine) and DMSO to each well.

Absorbance was measured at 560 nm in a PowerWave

XS microplate spectrophotometer (Biotek, Winooski,

VT, USA), and PDTs were calculated using GRAPHPAD

PRISM 6 (La Jolla, CA, USA).

2.2.5.2. Percentage of proliferating cells

Cells were seeded in a 12-well plate in duplicate. When

cells reached 50–60% confluence, they were trypsinized

and treated according to the Click-iT� EdU Flow

Cytometry Assay Kit (C10425; ThermoFisher Scien-

tific) manufacturer’s instructions. A total of 20 000

events were analyzed from each sample using a FACS

CANTO II cytometer and MODFIT LT V.3.3.11 software

to obtain the percentage of proliferating cells.

2.2.5.3. Wound healing assay

Cells were seeded in culture inserts (80209; ibidi,

Gr€afelfing, Germany) to reach confluence after 24 h,

and then, culture inserts were removed. Pictures were

taken at 0, 4, 8, 12, and 24 h after removal using an

optical microscope. Each cell line was seeded in tripli-

cate, and analyses were performed using TSCRATCH

software [39]. Proliferation was not inhibited either

pharmacologically or with serum deprivation.

2.2.5.4. Colony formation assay

Two-dimensional colony formation assay. A total of

300 cells/well were seeded in 12-well plates in dupli-

cate. After 10 days, cells were fixed with methanol for

10 min and then stained with 0.1% crystal violet for

10 more minutes.

Three-dimensional colony formation assay. First, we

plated a bottom layer of agar in 6-well plates, consist-

ing of 1 mL of 1.6% SeaPlaque agar in DMEM,

allowing it to solidify at RT for 5 min. Then, we

plated the upper layer of 0.8% SeaPlaque agar in
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DMEM containing 20 000 cells�mL�1. Finally, we

added 1 mL of DMEM supplemented with 10% FBS

and 1% Penicillin/Streptomycin. After culturing for

14 days, cells were fixed and stained with a solution of

0.1% crystal violet in paraformaldehyde for 1 h. The

cell lines were seeded in duplicate. Pictures of the colo-

nies were taken using an optical microscope.

2.2.6. In vivo tumorigenicity

A total of 1 9 107 cells resuspended in 200 lL of

PBS-Matrigel (ratio 1 : 1) were injected intramuscu-

larly near the sciatic nerve of 6-week-old female athy-

mic nude mice. Animals were monitored weekly, and

when tumors reached 1 cm in diameter, they were

resected. If tumors did not reach this size, they

were resected after 3 months. The study received IDI-

BELL Animal Ethics Experimentation Committee

(CEEA-IDIBELL) (#9111) approval.

2.3. Immunohistochemistry marker analyses

Paraffin-embedded tissues of human primary and passage

one PDOX tumor sections (3 lm) were deparaffinized

and gradually rehydrated. Endogenous peroxidases were

blocked by incubation with hydrogen peroxide (H2O2 3%

for 20 min), and antigen retrieval was performed by heat-

ing tissue sections for 20 min in citrate buffer (pH = 6).

Blocking was performed by incubation for 20 min with

10% goat serum. The primary antibodies Vimentin

(1 : 200, 180052; Life Technologies, Carlsbad, CA,

USA), SOX10 (1 : 50, 383R-14; Cell Marque, Rocklin,

CA, USA), H3K27me3 (1 : 200, 9733S; Cell Signalling,

Danvers, MA, USA), CD34 (IR632; DAKO), S100B

(1 : 300, Z0311; DAKO), and Ki-67 (1 : 10, M7240;

DAKO) were incubated overnight at 4 °C following the

manufacturer’s guidelines. The secondary HPRT-

conjugated antibody (EnVision; DAKO) was incubated

at RT for 30 min. Finally, staining was conducted using

diaminobenzidine (DAB; DAKO) for 10 min; nuclei were

counterstained with hematoxylin. Images were taken

using a Nikon Eclipse 80i vertical microscope. For immu-

nohistochemistry of cell lines, a cell pellet was generated

and incubated with equal volumes of human plasma and

thrombospondin (Grifols, Barcelona, Spain), to generate

a cell clot that could be embedded in paraffin.

2.4. Genomic analyses

Table S2 summarizes the different genomic

analyses performed in the patient tumors and the

PDOX and cell line models.

2.4.1. DNA and RNA extraction

The GentraPuregene Kit (Qiagen, Hilden, Germany)

was used for DNA extraction from frozen human

and PDOX tumors, according to the manufacturer’s

recommendations, after homogenization using Tissue-

Lyser II (Qiagen). DNA quality and quantity were

assessed by agarose gel, NanoDrop, and Qubit.

For RNA extraction, Direct-zol RNA MiniPrep

(R2050; Zymo Research, Irvine, CA, USA) and TRI

reagent (R2050-1-50; Zymo Research) were used

according to the manufacturer’s protocol. RNA qual-

ity and quantity (RNA Integrity Number) were

assessed by NanoDrop and 4200 TapeStation (Agilent

Technologies, Santa Clara, CA, USA).

2.4.2. SNP array

SNP array was performed using BeadChip technol-

ogy from Illumina (San Diego, CA, USA). All sam-

ples (primary tumors, PDOX tumors, and cell lines)

were analyzed using HumanOmniExpress-24v1-1

(713 599 SNPs), except for those previously described

in Castellsagu�e et al., [32], which were analyzed using

Illumina OmniExpress for the SP-01 primary tumor

and Illumina Omni1S for the SP-01 orthotopic xeno-

graft tumor. Raw data were processed with Illumina

Genome Studio to extract B allele frequency (BAF)

and log R ratio (LRR) as described previously

[32]. We used Genome Alteration Print (GAP) [40]

to obtain the copy number (CN) profiles of the

samples.

2.4.3. Whole exome sequencing (WES) and whole

genome sequencing (WGS)

Whole exome sequencing was performed in primary

tumors, the patient’s constitutional DNA (except for

SP-06), PDOX tumors at passage one, and cell lines

(maximum passage 10). We used the Agilent SureSe-

lect Human All Exon V5 kit (Agilent) according to the

manufacturer’s instructions. Paired-end sequencing

was performed on a HiSeq2000 instrument (Illumina)

using 150-base reads, and the analysis was performed

as described previously [32].

The WGS, only performed in the primary tumors,

was produced at BGI (Shenzhen, China). In short, the

libraries were prepared following standard DNBseq

protocols, sequenced in a BGISEQ-500 to a median of

881 million 150-bp paired-end reads per sample, and

mapped with BWA-MEM [41] against the GRCh38

genome.
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2.4.4. Selection of somatic variants using WES

and WGS

Whole exome sequencing and WGS data were pro-

cessed as described in [38]. In summary, small nucleo-

tide variants were called with Strelka2 [42] and

annotated with annovar [43]. We ran the somatic call-

ing in those samples (4 individuals) where we had

tumor-normal pair, and the germline calling in all sam-

ples followed by filters to enrich in somatic variants.

For the somatic variant calling of Strelka2, we fol-

lowed the developers’ recommendations; thus, we first

ran the Manta SV and indel caller [44] on the same set

of samples, and then, we supplied Manta’s candidate

indels as input to Strelka2 somatic calling. We used

these results to validate the ones obtained by the germ-

line calling.

After running the Strelka2 germline calling in all

samples (tumor and normal), we filtered Strelka2 results

from WGS data to select potential driver variants

affecting protein function by selecting exonic and splic-

ing variants. Then, we filtered out variants with a popu-

lation frequency (AF_popmax) higher than 1%,

classified as benign in ClinVar [45], annotated as benign

or likely benign in InterVar automated [46], present

in more than 1 individual or classified as pathogenic in

less than five out of seven in silico predictors (SIFT

pred [47], PolyPhen2 HDIV pred [48], LRT pred, Muta-

tion Taster pred [49], Mutation Assessor pred [49],

FATHMM pred [50], and CLNSIG [45]). Then, we fil-

tered out those variants with a variant allele frequency

(VAF) lower than 0.1. In addition, we removed nonfra-

meshift deletion or insertion variants present in dbSNP

and variants in highly variable genes (MUC3A,

MUC5AC, OR52E5, OR52L1, SMPD1, PRAMEF, and

LILR). Finally, we filtered out the variants present in

dbSNP except for those included in the Catalogue of

Somatic Mutations in Cancer (COSMIC) (https://ftp.

ncbi.nlm.nih.gov/snp/others/rs_COSMIC.vcf.gz) or the

International Cancer Genome Consortium (ICGC)

(https://ftp.ncbi.nlm.nih.gov/snp/others/snp_icgc.vcf.gz)

variant lists. Whole exome sequencing data were pro-

cessed using the same approach and used to validate the

variants identified in WGS data. Moreover, we used

Integrative Genomic Viewer (IGV) [51] for performing

a manual inspection of TSGs associated with MPNSTs.

2.4.5. Mutational signatures

As previously described in Magall�on-Lorenz et al. [38],

raw variants called by Strelka2 in WGS data were

used for the mutational signature analysis. Since nor-

mal pairs were not available, we applied a series of

filters to approximate a somatic callset: we filtered out

the variants with a population frequency (AF_pop-

max) higher than 1%, called in more than one cell

line, with a VAF lower than 0.1, and variants in highly

variable genes (MUC3A, MUC5AC, OR52E5,

OR52L1, SMPD1, PRAMEF, and LILR). We also fil-

tered out the variants in dbSNP except for those pre-

sent in COSMIC and ICGC. We used this call set

enriched in somatic variants with the mutSignatures

(42) R package to estimate the contribution of each of

the 30 COSMIC mutational signatures to the muta-

tional profile of each cell line.

2.4.6. Structural variants detection from WGS

The structural variants (SVs) detection methodology

was described previously by Magall�on-Lorenz et al.

[38]. LUMPY (41) was used via Smoove (https://

github.com/brentp/smoove) as a SV caller with param-

eters for small cohorts and excluding the problematic

regions defined in https://github.com/hall-lab/speedseq/

blob/master/annotations/exclude.cnvnator_100bp.

GRCh38.20170403.bed. We also used CliffHunteR

(https://github.com/TranslationalBioinformaticsIGTP/

CliffHunteR), an in-house developed sensitivity-

oriented R package for breakpoint detection, and a

thorough visual inspection using IGV to detect break-

points affecting TSGs associated with MPNSTs (NF1,

CDKN2A, SUZ12, EED, and TP53). To discard germ-

line SVs, we filtered out SVs present in the Database

of Genomic Variants (DGV) and the SVs with the

same breakpoints in more than two tumors.

2.4.7. RNA sequencing

RNA-seq libraries were established and sequencing of

primary tumors was performed at Centro Nacional de

An�alisis Gen�omicos (CNAG, Barcelona, Spain), pool-

ing three samples per lane (paired-end, 2 9 100).

2.4.8. Fusion-gene detection from RNA-seq

We applied the default parameters of STAR-Fusion

for the detection of fusion genes from RNA-seq. After

obtaining the results, we performed bibliographic

research for looking for potential fusion genes associ-

ated with disease.

2.4.9. Methylome profile and Uniform Manifold

Approximation and Projection (UMAP) analysis

DNA methylation profiles were generated using the

Infinium MethylationEPIC (850 k) BeadChip array

6 Molecular Oncology (2023) ª 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.
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(Illumina) according to the manufacturer’s instruc-

tions. The data were processed as described previously

[52]. The two-dimensional UMAP embedding was cre-

ated using the 20 000 most variable CpGs from the

DNA methylation profiles of the cell lines and the ref-

erence cohorts of soft-tissue tumors 52. The UMAP

analysis was performed using the R package

umap (version 0.2.7.0) with default parameters except

for n_neighbors = 8.

2.5. In vitro drug testing

The half-maximal inhibitory concentration (IC50) of

JQ1, MLN8237 (Alisertib), and PD-0325901 (Mirda-

metinib; Selleckchem, Houston, TX, USA) was calcu-

lated for each cell line, as we described previously [34].

Compounds (stock at 10 mM) were added in three rep-

licates and subsequently diluted fivefold from 100 lM
to 0.16 lM. The IC50 was calculated using GRAPHPAD

PRISM Version 6. For combination assays, the follow-

ing previously described protocols were performed

[34]. Combination Index (CI) values for the combina-

tions were calculated using COMPUSYN software, based

on Chou-Talalay calculations [53]. When CI was < 0.9

at high values of fraction affected of cells (fraction of

cell death by treatments), we labeled the combination

as synergistic [54].

3. Results

3.1. Expansion of the MPNST platform: From

genuine MPNSTs to other clinically misclassified

tumor entities

Six primary tumors (sporadic tumors SP-01, SP-04,

SP-05, and SP-06; and NF1-derived NF1-08 and NF1-

09) were identified and removed at the Bellvitge, Vall

d’Hebron, and Germans Trias i Pujol hospitals. After

surgery, the tumors were sent to the respective pathol-

ogy services, analyzed following standard methodolo-

gies, and classified as MPNSTs, following the WHO

classification of soft-tissue tumors and bone. In paral-

lel, part of each tumor was sent to our laboratory and

split for DNA extraction, PDOX engraftment in nude

mice, and cell culture expansion (see Section 2).

To characterize the primary tumors, genomic, epige-

nomic, and histologic analyses were performed. We

used WGS and WES to analyze the status of the most

recurrent inactivated TSGs in MPNSTs: NF1,

CDKN2A, and SUZ12 and EED (from PRC2). In

addition, we analyzed the status of genes unrelated to

MPNSTs (Fig. 1A, Table 1). Only SP-04 and NF1-08

have classic MPNST genetic features like NF1,

CDKN2A, and PRC2 inactivated [10-12]. NF1-09 pre-

sents MPNST genetic features such as the inactivation

of NF1, CDKN2A, and also TP53, but with PRC2

active and an activating mutation in the PIK3CA gene.

The other three sporadic tumor features distanced

them further from classic MPNSTs: SP-01 only has

NF1 mutated, and SP-05 and SP-06 have only

CDKN2A inactivated. Moreover, the SP-01 tumor pre-

sents an activating mutation in the ERBB4 gene, which

is described as a driver of BRAF wild-type (WT) mela-

nomas [55,56], and SP-06 presents an oncogenic NRAS

mutation, inactivation of NF2, and a truncating muta-

tion in SMARCA4 (in one allele; Fig. 1A, Table 1).

The mutational frequency and signatures of all

tumors except SP-06 (in which we only performed

WES) were analyzed using WGS. We observed that

tumor SP-01 exhibited at least a ninefold higher muta-

tion number compared with other primary tumors,

mainly containing the SBS7 COSMIC mutational sig-

nature, characteristic of skin cancers [57]. The other

tumors presented low mutation burden and no specific

COSMIC signatures besides clock-like signature 5,

which appears in most tumor types [57] (Fig. 1B).

Moreover, the methylome profile of the three cell

lines obtained from tumors SP-01, NF1-08, and NF1-

09 was compared with other sarcomas. Figure 1C pre-

sents a methylome profile classifier of several sarcomas

using a UMAP plot [52]. Taking a closer view of the

MPNST region, SP-01’s methylome profile matched

that of melanoma (like STS-26T, which was recently

reclassified from an MPNST to a melanoma cell line

[38]), tumor NF1-08 clustered with the classic MPNST

group (as for ST88-14 and S462 cell lines), and

NF1-09 clustered in the rather catchall MPNST-like

sarcoma group (Fig. 1D, Table 1). This group of sar-

comas is characterized by bearing an active PRC2,

which generates a different methylation pattern com-

pared with PRC2-inactivated tumors [58].

Finally, we analyzed several markers routinely clini-

cally used for MPNST diagnosis: S100B and SOX10

(cell identity markers of the peripheral nervous sys-

tem), H3K27me3 (epigenetic marker of PRC2 dysfunc-

tion), Vimentin (mesenchymal cell marker), Ki-67

(proliferation cell marker), and CD34 (fibroblast and

endothelial marker). Only tumor SP-01 presented

strong dual staining for S100B and SOX10, contrary

to classic MPNSTs that present negative or focal

expression [59], like S100B expression in the SP-04

tumor. We found a lack of H3K27me3 in four tumors,

including SP-01 and SP-05 (Fig. 1E, Table 1), which

are WT for SUZ12 or EED (Fig. 1A), implying that

PRC2 inactivation may be due to other genetic alter-

ations unrelated to MPNSTs [12]. All samples were
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positive for the soft-tissue tumor marker Vimentin, as

expected, and the CD34 endothelial cell marker was

negative in tumor cells, only marking vessels (Fig. S1).

Taken together, only SP-04 and NF1-08 fulfilled

most genetic features of classic MPNSTs and evidence

shows that three primary tumors may be misdiagnosed

as MPNSTs (Table 1). Tumor suppressor gene profile

inactivation, mutational burden and signatures, methy-

lome profile classification, and positive expression of

neural crest markers may indicate that SP-01 should

be reclassified as a melanoma. In the case of tumors

SP-05 and SP-06, besides the TSG inactivation pattern,
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they presented specific genetic features that do not cor-

relate with MPNSTs. SP-05 tumor bore the fusion-

gene LMNA-NTRK1, which was identified using WGS

and confirmed by RNA sequencing. The fusion prod-

uct was histologically validated by overexpression of

NTRK as the tumor retained the kinase domain of

NTRK1 in exons 13 to 17 (Fig. S2). Currently, there

are no recurrent fusion genes described in MPNSTs

[60,61], potentially indicating that tumor SP-05 may be

an NTRK-associated sarcoma. Finally, tumor SP-06

presented genetic alterations in genes NF2,

SMARCA4, and NRAS, which may point to other

tumor entities.

With all the genomic data generated, an indepen-

dent pathologist analyzed the hematoxylin/eosin stain-

ing of the primary tumors not validated as classic

MPNSTs (Fig. S3), confirming NF1-09 as a high-

grade MPNST, SP-01 as a melanoma, SP-05 as an

NTRK-associated spindle cell sarcoma, and SP-06

remained unclassifiable.

3.2. Expansion of the MPNST platform:

Generation of PDOX models and new cell line

models

From the six primary tumors, we were able to obtain

PDOX models for each engrafted tumor and, in addi-

tion, three new cell lines, two from NF1-MPNST

tumors (NF1-08 and NF1-09), and one from the spo-

radic tumor SP-01, a suspected melanoma. Moreover,

a fourth cell line was generated from the SP-01 PDOX

model (SP-01-OT; Fig. 2A). Remarkably, we obtained

a total of three pairs of in vitro/in vivo models for pri-

mary tumors, only two of which were true MPNSTs,

from the same patient. DNA microsatellite authentica-

tion analysis demonstrated that the newly generated

cell lines and PDOX models matched blood and pri-

mary tumor profiles from patients (Table S3).

The mouse PDOX models presented the main histo-

logical features of the primary tumors, such as spindle

cell hypercellularity with fusiform nuclei (Fig. S3). We

performed a thorough histological characterization of

PDOX models and cell lines, testing the same MPNST

histological markers as in the primary tumors. We

found a high correlation between primary tumors,

PDOX tumors, and cell lines in terms of marker

expression (Fig. 2B,C, Table 2, Fig. S1). The only dif-

ferences were observed for Ki-67 staining: The tumor

cell proliferation rate was similar independent of

whether the tumor was primary or orthotopic (ranging

from 10 to 30% of proliferating cells); however, it was

slightly increased in cell lines (40 to 60%), probably

due to the intrinsic nature of cell cultures (Fig. S1,

Table 2).

Finally, in the process of obtaining tumor cell lines

from tumors SP-04, SP-05, and SP-06, we observed

only tumor-associated fibroblast isolation, evidenced

by SMA-positive cells with diploid DNA content and

no structural abnormalities in the genome (Fig. S4).

These cell lines were also included in the platform for

further characterization in the future.

3.3. New cell lines and PDOX models

recapitulate the main genomic features of

primary tumors

A thorough genomic characterization of PDOX

models (at passage one) and cell lines was performed

using SNP array and WES (Table S2), for validation

against primary tumors.

A hallmark characteristic of MPNSTs is the pres-

ence of hyperploid and highly altered genomes [7].

Using SNP arrays, we analyzed the CN profile and

allele ratios of primary tumors, PDOXs, and cell lines.

The data proved that the genomic structure of tumors

SP-04 and NF1-08 highly resembled that of classic

Fig. 1. Genomic, epigenomic, and histological characterization of primary tumors and diagnostic validation. (A) Genetic status of the most

recurrent inactivated TSGs in MPNSTs using WGS and genes related to other tumor entities. A gray square represents a WT gene; a blue

line indicates the presence of LOH; a black dot represents a single nucleotide variant (SNV) affecting the gene; an orange dot represents an

activating SNV in the gene; a black triangle indicates a SV; a red square is for CN gain; a light green square is for heterozygous CN loss (Het

loss) of the gene, and dark green is for homozygous CN loss (Hom loss); the complete biallelic inactivation of a gene is represented by a

black cross. SP-06 tumor TSGs status was obtained using WES and SNP array. (B) Number of somatic SNVs and contribution of COSMIC

mutational signatures in primary MPNSTs. SP-06 was not included as WGS was not performed on this tumor (n = 1). (C) UMAP plot repre-

senting methylome classification of multiple sarcomas. Each dot represents a tumor sample and each color a different sarcoma type [52].

(D) Inset amplification of the UMAP plot, showing the classification of the methylome profile of three cell lines derived from our primary

tumors (SP-01, NF1-08, and NF1-09) and three other established control cell lines (S462, ST88-14, and STS-26T). The MPNST group is repre-

sented in blue, the MPNST-like group in black, and melanomas in green. Each cell line is represented by a unique color. CL: cell line. (E)

Representative immunostaining of SOX10, S100B, and H3K27me3 in the patient’s primary tumors (n = 1). PT: Primary tumor. Original mag-

nifications are 409 and 6009 in the inset magnified view, and scale bars are 200 lm and 25 lm, respectively.
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MPNSTs, presenting gains of whole chromosomes or

large chromosomal regions and a few losses of genetic

material, alongside extended regions of loss of hetero-

zygosity (LOH; Fig. 3A, Fig. S5) [38]. Tumors SP-01

and SP-05, potentially reclassified as other tumor

entities, nonetheless, also presented similar classic

MPNST genomic features. Contrarily, tumors NF1-09

and SP-06 presented less-altered genomes (Fig. S5).

Genome features from PDOX tumors and cell lines

highly recapitulated the patient tumors, thus validating

Fig. 2. Characterization of new PDOX and cell line models. (A) Scheme of the in vitro/in vivo models generated from the patient’s tumors.

Two cell lines were generated from the same patient, one from the primary tumor and the second from the PDOX tumor. (B)

Representative histological stains of Sox10, S100b, and H3K27me3 in the six PDOX tumors (n = 1). Original magnifications are 409 and

6009 in the inset magnified view, and scale bars are 200 lm and 25 lm, respectively. (C) Representative histological stains of SOX10,

S100B, and H3K27me3 in the three cell lines derived from primary tumors (n = 1). CL: cell line. Magnifications are 409 and 6009 in the

inset magnified view, and scale bars are 200 lm and 25 lm, respectively.
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our models (Fig. 3A, Fig. S5). There were only a few

differences, probably due to loss of signal from human

stromal cells in the PDOX or cell lines. We found

more differences between cell lines and primary tumors

than PDOX and primary tumors, concordant with the

intrinsic characteristics of cell culture conditions.

Moreover, we checked the genome stability of cell lines

through the passages. We found a high degree of geno-

mic stability in all cases, except for cell line NF1-09

(Fig. 3A, Fig. S5). This cell line exhibited a different

genomic structure profile in late passages compared

with early passages, the latter being more similar to

Table 2. Summary table comparing histological marker expression in primary tumors (PTs), PDOX tumors (OTs), and cell lines (CL).

Marker

SP-01 SP-04 SP-05 SP-06 NF1-08 NF1-09

PT OT CL PT OT PT OT PT OT PT OT CL PT OT CL

SOX10 + + + � � � � � � � � � � � �
S100 + + + � (Focal) � (Focal) � � � � � � � � � �
H3K27me3 � � � � � � � + + � � � + + +

CD34 � � � � � � � � � � � � � � �
Vimentin + + + + + + + + + + + + + + +

Ki-67 (%) 35 30 60 10 40 20 30 5 10 30 30 60 10 10 40

Fig. 3. Patient-derived orthotopic xenografts and cell lines recapitulate the main genetic and genomic features of primary tumors. (A) CN

profile of primary tumor, orthoxenograft (PDOX) tumor, and cell line from patient NF1-08, representing that the models recapitulate the

genomic hallmarks of the primary tumor. BAF and LRR profiles are represented. CN variations are represented by a colored line under each

LRR: gray for 2n region; yellow to red for >2n, representing chromosomal gain; and green for <2n, representing chromosomal loss. LOH

events are shown in blue. Genomic differences between primary and xenograft tumors are highlighted in purple, and differences between

cell lines at low and high passage are marked in a cream color. (B) Number of somatic SNVs in the coding regions of primary tumors and

models calculated using WES. The blood of patients was used as a control of constitutive DNA. New somatic SNVs were calculated in

PDOX tumors and cell lines compared with primary tumors. The number of SNVs of primary tumor SP-06 was not analyzed due to the lack

of blood sample from the patient. OT: PDOX tumor.
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primary and PDOX tumors. The changes observed in

the passages could be explained by the selection of a

specific subpopulation that seemed to exist in the pri-

mary tumor but in a small proportion. Remarkably,

the cell line genome at high passage number bears a

greater resemblance to the genomic features of

MPNST [60] (Fig. S5).

Using WES, we were able to confirm the presence of

all somatic single nucleotide variants (SNVs) identified

in primary tumors, in their corresponding PDOX and

derived cell lines (Table 1). We also quantified somatic

SNVs and small indels in coding regions of primary

tumors and matched PDOX models and cell lines, to

analyze the genetic variation caused by new somatic

variants in models compared with primary tumors. We

performed a somatic calling of all samples, except for

the SP-06 tumor as we did not have a normal counter-

part. Excluding SP-01 (due to its higher mutation bur-

den compared with other tumors), PDOX tumors at

first passage, just after engraftment, presented a mean

of ~ 9.2 (2–29) new somatic variants compared with

primary tumors (Fig. 3B); cell lines, at low passage,

presented a mean of ~ 4.5 (2–7) new variants. The SP-

01 PDOX tumor only presented 23 new SNVs com-

pared with the primary tumor, similar to the two cell

lines derived from this tumor that showed a mean of

~ 46.5 (34–59) new SNVs (Fig. 3B). Altogether, the

low number of new somatic variants detected in

the engrafted tumors and cell lines with respect to their

primary counterparts reinforces our observation that

the models generated in this study faithfully recapitu-

late the genomic characteristics of the primary tumors,

being quite stable genetically.

3.4. Tumor-derived cell lines exhibit

heterogeneity in phenotypic and functional

features

We performed a comprehensive characterization of the

three cell lines (SP-01, NF1-08, and NF1-09) isolated

from primary tumors. The first set of analyses aimed

to describe the cells’ phenotypic characteristics in the

different cell cultures, as regards morphology

(Fig. 4A), marker expression (Fig. 4B), and ploidy

(Fig. 4C). Morphologically, the two cell lines from

NF1-MPNST validated tumors (NF1-08 and NF1-09)

were composed of small, polygonal cells that grew

forming a monolayer without contact inhibition, simi-

lar to the morphology of other classic MPNST cell

lines like S462 or ST88-14 (Fig. S6A). Regarding the

expression of neural crest stem cell lineage markers

(S100B and p75) and MPNST markers (SOX9 and

EGFR) [62,63], these two cell lines were positive for

SOX9 and EGFR expression and negative for S100B

and p75 (only focal in the NF1-09 cell line), similar to

MPNST control cell lines (S462 and ST88-14) [38]

(Fig. 4B, Table 3, Fig. S6B). In the case of SP-01, cells

presented Schwann cell characteristics such as bipolar

or tripolar morphology with oval nuclei [64] and were

positive for all four markers (Fig. 4A,B, Table 3),

compatible with a melanoma cell line [65-68]. As for

DNA content, different degrees of aneuploidy were

observed across tumor cell lines. The NF1-08 cell line

was between 2n and 3n, while SP-01 was triploid. In

the case of NF1-09, cell cycle analysis proved that this

cell line presented different subpopulations of tumor

cells, with heterogeneity of ploidies (Fig. 4C, Table 3).

The analyses of several isolated clones indicated the

presence of three different cell subpopulations: one

higher than 2n; a second nearly triploid; and a third

completely tetraploid. The three subpopulations

remained stable across multiple passages in culture

(Fig. S6C).

We further characterized the three cell lines by per-

forming a set of functional assays (summarized in

Table 3): proliferation assays (calculating the PDT);

in vivo tumor formation capacity (Fig. 4D); 2D and

3D in vitro colony formation capacity (Fig. 4E);

and migration ability (wound healing assay; Fig. 4F).

We compared the functional properties of the newly

isolated cell lines with those already established (S462,

ST88-14, and STS-26T).

We calculated the PDT using two different method-

ologies, Trypan Blue dye exclusion and MTT viability

assay, obtaining similar results (Fig. 4D, Fig. S6D).

Cell lines STS-26T, S462, SP-01, and NF1-09 had the

highest proliferation rates with PDT values < 1, corre-

lating with cell lines that generated tumors in athymic

nude mice. Interestingly, these four cell lines all had

the TP53 gene inactivated (Fig. 4D, Table 3). Quantifi-

cation of proliferating cells in cell lines ranged from 20

to 50%, where lower PDT represents higher rates of

dividing cells, as expected (Table 3). Regarding colony

formation capacity, only cell lines NF1-09, S462, and

STS-26T formed colonies in 2D and 3D assays, also

generating tumors when engrafted in mice (Fig. 4E,

Fig. S6E, Table 3). Cell line SP-01 was also able to

generate tumors in vivo (Table 3); however, it was not

able to generate colonies in 2D and 3D (not shown).

The migration ability also differed between cell lines,

SP-01 and NF1-09 presenting a higher migration rate

in the wound healing assay, similar to STS-26T and

S462 (Fig. 4F, Fig. S6F, Table 3). Contrarily, NF1-08

had a much lower proliferation capacity, similar to

ST88-14 (PDT values of 2–3 days) and the migration

capacity was low, having 100% of open wound area at
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12 h. Interestingly, both NF1-08 and ST88-14 cell lines

did not generate 3D colonies. Moreover, these two cell

lines, that were unable to form tumors in vivo after

engraftment, bore a WT TP53 (Table 3).

Remarkably, we obtained two cell line models from

the same patient (SP-01), one from the primary tumor

and the other from the PDOX (SP-01-OT). We charac-

terized and compared the two cell lines (Fig. S7,
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Table 3), which presented similar features, indicating

the utility of isolating cell lines from PDOX.

3.5. Different in vitro therapeutic responses

between genuine MPNSTs and reclassified

entities

Finally, the three newly generated cell lines derived from

primary tumors and the S462 cell line (as a classic

MPNST cell line control) were treated with three differ-

ent compounds. Two of these targeted pathways deregu-

lated due to the loss of specific TSGs in MPNSTs: the

MEK inhibitor Mirdametinib (PD0325901), to compen-

sate the activation of the Ras/MAPK pathway by NF1

inactivation [14], and the bromodomain inhibitor JQ1

for PRC2 inactivation [13]. The third compound tested

was the Aurora A kinase inhibitor (AURKAi) Alisertib

(MLN8237), which was previously described to be a

good treatment candidate for MPNSTs [69,70].

Classic MPNST cell lines (S462 and NF1-08) carry-

ing the three recurrent inactivated TSGs (NF1,

CDKN2A, and PRC2) were the most sensitive to the

three compounds, which highly decreased cell viability.

Surprisingly, for NF1-09, an MPNST that presents

active PRC2, we observed that JQ1 was effective. Fur-

thermore, although NF1 is completely inactivated in

this cell line, we observed a limited therapeutic

response to MEKi, probably due to a potential bypass

produced by the oncogenic PIK3CA mutation present

in this cell line. Finally, the suspected melanoma cell

line SP-01 presented a lower response to the three

treatments, only reducing cell viability by half at the

maximum concentrations of the compounds tested

(Fig. 5A). Indeed, NF1-09 (nonclassic MPNST) and

SP-01 (melanoma) presented higher IC50 values for

Mirdametinib and Alisertib (> 100 lM) compared with

NF1-08 (9.267 and 12.59, respectively) and S462 (0.98

and 3.872; Fig. 5A). We then wanted to test whether

the compounds could be synergistic in combination in

the S462 and NF1-08 cell lines, the only ones sensitive

to the single treatments. Both cell lines presented syn-

ergistic effects with the three tested combinations,

especially for JQ1 plus Mirdametinib, as observed by

CI values <1 in a high fraction of affected cells

(Fig. 5B). Taken together, we observed that treatment

response was different when we used compounds

directed against altered MPNST pathways in classic

MPNST cell lines compared with other potential

tumor entities, such as melanomas.

4. Discussion

More than 50% of MPNSTs arise in NF1 patients,

being the main cause of early mortality in young

patients with this genetic condition [6]. The low preva-

lence of MPNSTs in the general population hampers

the development of therapeutic approaches designed

ad hoc for this tumor type, making the use of in vitro

and in vivo models paramount to moving toward preci-

sion and personalized therapeutic strategies. Malignant

peripheral nerve sheath tumors may be difficult to

diagnose as other tumor entities can mimic their mor-

phology and marker expression patterns, especially

outside the NF1 clinical context [22].

It was recently described that some cell lines com-

monly used by the scientific community as MPNST

cell models, particularly sporadic models, may not be

derived from MPNSTs but rather from other entities.

This work has drawn attention to the potential hetero-

geneity of tumors placed under the MPNST umbrella,

highlighting the potential utility of genomic and epige-

netic information in guiding their differential diagnos-

tics [38]. Thus, we aimed to enrich our precision

medicine platform by reclassifying tumor entities that

Fig. 4. Phenotypic and functional characterization of new established cell lines. (A) Representative morphology images of the newly

generated cell lines at low and high confluence (n = 1). Images were taken by optical microscope at 1009 magnification. The scale bar is

100 lm. (B) Representative immunofluorescence images of MPNSTs markers SOX9 and EGFR, and neural crest-Schwann cell lineage

markers p75 and S100B (n = 1). Original magnification of images is 2009, and the scale bar is 100 lm. (C) DNA content analyses of the

three cell lines (using fibroblasts derived from a NF1 patient as a diploid control), represented as the number of cells versus DNA quantity

(n = 2). (D) Cell growth curves of the three newly generated cell lines and three control tumor cell lines (S462, ST88-14, and STS-26T),

obtained using MTT viability assay. Growth curves are derived from mean values � SD (error bars, n = 6). PDT values and TP53 status cor-

relate with the tumorigenic capacity of the cell lines. In red, cell lines that generate tumors in mice, with low PDT values and TP53 inacti-

vated. In green, cell lines that do not generate tumors, with high PDT values and active TP53. (E) Colony formation ability of cell lines.

Representative images of 2D and 3D colonies generated by the new established cell line NF1-09 and control MPNST cell line S462; both

generate tumors in mice (n = 2). Original magnification of images is 4009. The scale bar is 50 lm. (F) Wound healing assay of the three cell

lines. Representative images of wound closing were captured at 0, 12, and 24 h (left) at 1009 magnification. The migration ability of cells

was represented as the percentage of open wound at 0, 4, 8, 12, and 24 h (right). Open wound curves are derived from mean values � SD

(error bars, n = 3). In red, cell lines that generate tumors in mice and, in green, cell lines that do not generate tumors. The scale bar is

100 lm.
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may be confounded using the current clinical tools to

diagnose MPNSTs and may be more appropriately

classified using genomic, epigenomic, and marker

expression information. After the analyses of six pri-

mary tumors, we have classified two tumors as classic

MPNSTs (the sporadic SP-04 and the NF1-related

NF1-08) since both bore the complete inactivation of

NF1, CDKN2A, and SUZ12 [10,11,12,71,72] and dis-

played an MPNST-compatible genomic CN pro-

file [10,11]. A third tumor, NF1-09, was classified as

an MPNST although it has PRC2 active, which might

account for the NF1-09-derived cell line clustering in

the MPNST-like sarcoma group when using a methy-

lome classifier. Moreover, these three MPNSTs pre-

sented few somatic SNVs (20–30), similar to other

groups described in this tumor type (median of 40–60
variants) [10,11] and presented negative SOX10 and

S100B staining, as expected [24,73,74,75]. A second

analysis by an independent pathologist identified

tumor NF1-09 as a high-grade MPNST.

Remarkably, the other three primary tumors, all spo-

radic (representing three out of four sporadic cases),

after compiling genomic information and re-evaluation

by an independent pathologist, were reclassified as a

melanoma (SP-01), an NTRK-related spindle cell neo-

plasm (SP-05), and the third was discarded as an

MPNST although further classification was inconclu-

sive (SP-06). SP-01 highly mimicked MPNSTs histologi-

cally but expressed S100B, p75, and SOX10 neural crest

markers, like melanomas [65,76], and presented a high

mutation frequency, mostly associated with the skin

cancer COSMIC mutational signature [77]. SP-05 pre-

sented genomic and histological features compatible

with MPNSTs but bore an NTRK-associated gene

fusion (NTRK1-LMNA). Gene fusions involving the

NTRK gene family (NTRK1, NTRK2, and NTRK3) are

usually described in a broad spectrum of mesenchymal

tumors [78]. For instance, LMNA-NTRK1 has been

reported in Lipofibromatosis-Like Neural Tumors,

which highly resemble low-grade MPNSTs [79,80]. A

case report study detected this gene fusion within a sub-

set of NF1-related MPNSTs [81]; however, the histolog-

ical and molecular characterization of these tumors was

scarce. Finally, according to genomic characteristics,

tumor SP-06 is clearly distinct from classic MPNSTs

(NF2 inactivation, NRAS oncogenic mutation, and

truncating mutation in SMARCA4). However, a second

analysis by an independent pathologist was unable to

provide a definitive identity, highlighting the difficulty

in diagnosing MPNSTs and related tumors with over-

lapping histological characteristics. Other high-grade

sarcomas can also mimic histological and marker

expression patterns of MPNSTs, such as synovialT
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sarcoma, fibrosarcomatous dermatofibrosarcoma pro-

tuberans, myxofibrosarcoma, or spindle cell sarcomas

[82]. Thus, two messages can arise from our work. First,

the thorough genomic and histologic characterization

of tumors applied in a larger number of samples may

facilitate a correct diagnostic of tumors currently

labeled as MPNSTs in the clinics. Second, we should

reinterpret results obtained with newly rediagnosed

models previously considered MPNSTs, such as the

STS-26T cell line (recently reclassified as probably being

a melanoma [38]) and used by many different laborato-

ries; or the SP-01 cell line (also MPNST-SP-01 in previ-

ous works) [32,34], used in our group.

Our platform also includes cellular and mouse

models from MPNSTs and confounded tumor entities.

We have generated PDOXs from all six primary

Fig. 5. Genuine and confounded MPNST cell lines exhibit different treatment responses. (A) Cell viability plots of cell lines treated singly

with MEK inhibitor (MEKi) Mirdametinib, Aurora A kinase inhibitor (AURKAi) Alisertib, and BET inhibitor (BETi) JQ1, and IC50 values of the

compounds for each cell line. Cell viability curves are derived from mean values � SD (error bars, n = 3). In green, cell lines S462 and NF1-

08 are classic MPNSTs; in khaki green, the NF1-09 cell line is an MPNST with active PRC2; and in red, the SP-01 cell line is derived from a

melanoma. (B) Cell viability plots of NF1-08 and S462 cell lines treated with pairwise combinations of the three compounds, alongside CI

values to evaluate the synergy of the combinations. Cell viability curves are derived from mean values � SD (error bars, n = 3). Synergy is

observed at CIs <1. Single treatments are marked in blue and red, and combination in green in the cell viability plot.
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tumors and cell lines from half of them (SP-01, NF1-

08, and NF1-09). One of the main challenges was the

generation of tumor-derived cell lines, which is nor-

mally difficult to achieve [83] and was not feasible for

all primary tumors. Histological and genomic analyses

validated that all derived PDOXs and cell lines genu-

inely represented their respective primary tumors. In

the context of the primary tumors studied herein,

PDOX generation seems more efficient than establish-

ing 2D cell lines. Interestingly, after 2D establishment,

only cell lines with TP53 inactivated, among other fea-

tures, had tumorigenic capacity in animal models,

although further experiments will be required to eluci-

date any causal relationship. Altogether, there seem to

be different molecular requirements for in vitro or in

vivo model generation. The migration and growth

capacities of the cells are also described as hallmarks

of the tumor’s potential invasion and metastatic capac-

ity [84], being factors that may improve the ability of

cells to generate tumors in mice. Beyond TP53 status,

we found a good correlation between in vitro and in

vivo properties. Cell lines with high proliferation, inva-

sion, and migration potential (NF1-09, SP-01, and the

established cell lines S462 and STS-26 T), were those

exhibiting tumor formation capacity.

Finally, we investigated potential differences in drug

treatment response in our three isolated cell lines,

which are representative of the clinical diversity of

MPNSTs, with classic MPNST cell lines, an MPNST

cell line with active PRC2, and a cell line from a

tumor entity (melanoma) potentially misclassified as

an MPNST. The cell lines were used for testing three

targeted drug compounds for MPNSTs: a MEK inhib-

itor (Mirdametinib or PD0325901), a bromodomain

inhibitor (JQ1), and an Aurora A kinase inhibitor

(Alisertib or MLN8237). The sensitivity of the cell

lines to the compounds was quite different, as

expected, as we know that part of these differences

arise because we are testing different entities with dis-

tinct genetic alterations. Only the classic MPNST cell

line NF1-08 and the S462 cell line were sensitive to the

three treatments. NF1-09, considered nonclassic

MPNST, had differences in treatment response com-

pared with the classic ones as it was resistant to AUR-

KAi and MEKi treatments, although the latter could

be related to the presence of an oncogenic mutation in

PIK3CA, and it was sensitive to JQ1, despite being

PRC2 WT. The cell line SP-01 was the most resistant

to the three MPNST-directed treatments, as expected

considering it is probably a melanoma cell line. In

summary, part of the different responses to single

treatments could be attributed to the genetic status of

the cell lines; however, this is clearly not the only

factor playing a role in drug response. For all combi-

nations, co-treatment therapies in NF1-08 and S462

MPNST cell lines generated a synergistic effect, rein-

forcing this strategy [85].

5. Conclusions

In summary, here we present our MPNST precision

medicine platform, an excellent tool for research and

preclinical studies to reclassify clinically diagnosed

MPNSTs. It is noteworthy that we have in vitro and

in vivo pairs from the same primary tumor for two of

the three true MPNSTs in this study. Moreover, the

expansion of the MPNST platform to tumor entities

that might be confounded in routine clinical diagnos-

tics makes it more representative of a real clinical sce-

nario and will constitute a useful tool to obtain correct

preclinical information to guide successful clinical tri-

als in humans. The clinical diversity of tumors,

together with their specific genetic and genomic alter-

ations, was translated into different response to

treatments.
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