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Abstract
Background: The aim of this study was to test the feasibility and utility of developing patientderived orthotopic xenograft (PDOX) models for patients with malignant peripheral nerve
sheath tumors (MPNSTs) to aid therapeutic interventions in real time.
Patient & Methods: A sporadic relapsed MPNST developed in a 14-year-old boy was engrafted
in mice, generating a PDOX model for use in co-clinical trials after informed consent.
SNP-array and exome sequencing was performed on the relapsed tumor. Genomics, drug
availability, and published literature guided PDOX treatments.
Results: A MPNST PDOX model was generated and expanded. Analysis of the patient’s
relapsed tumor revealed mutations in the MAPK1, EED, and CDK2NA/B genes. First, the PDOX
model was treated with the same therapeutic regimen as received by the patient (everolimus
and trametinib); after observing partial response, tumors were left to regrow. Regrown
tumors were treated based on mutations (palbociclib and JQ1), drug availability, and published
literature (nab-paclitaxel; bevacizumab; sorafenib plus doxorubicin; and gemcitabine plus
docetaxel). The patient had a lung metastatic relapse and was treated according to PDOX
results, first with nab-paclitaxel, second with sorafenib plus doxorubicin after progression,
although a complete response was not achieved and multiple metastasectomies were
performed. The patient is currently disease free 46 months after first relapse.
Conclusion: Our results indicate the feasibility of generating MPNST-PDOX and genomic
characterization to guide treatment in real time. Although the treatment responses observed
in our model did not fully recapitulate the patient’s response, this pilot study identify key
aspects to improve our co-clinical testing approach in real time.
Keywords: exome sequencing, MPNST, PDOX model, personalized medicine, SNP-array,
targeted drug treatment
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Introduction
Malignant peripheral nerve sheath tumors
(MPNSTs) are aggressive, locally invasive soft
tissue sarcomas with a dismal prognosis, especially
if complete surgical excision cannot be achieved.1
Half of these tumors occur sporadically,
whereas others appear in neurofibromatosis type
1 (NF1) patients.2,3 Focal radiotherapy is usually
indicated, most importantly when margins
remain affected after resection.4 Chemotherapy,
including ifosfamide and doxorubicin, shows a
modest response in a small percentage of patients.5,6
For unresectable, relapsed, and metastatic patients,
there are no effective therapies and enrollment in
clinical trials should be highly encouraged.
MPNST cells contain hyperploid and highly rearranged genomes, with a low mutation burden and
few recurrent alterations.7 These recurrent mutations basically consist of the loss of particular
tumor suppressor genes (TSGs). Lee et al. confirmed the implication of these TSGs,8 and established a core signature that consists in the
recurrent inactivation of NF1, CDKN2A/B, components of the polycomb repressive complex
2 (EED and SUZ12), and TP53, a core signature
that has been consolidated by others.9,10
Interestingly, there are drugs that target pathways
activated due to the loss of these genes, such as
MEK inhibitors (NF1 loss), CDK4/CDK6 inhibitors (loss of CDKN2A/B), and BRD4 inhibitors
(PRC2 loss of function). Some of these have been
tested in pre-clinical or clinical contexts.11–13
Results, although promising, seem to indicate
that the combination of different drugs will be
required for an effective therapy of MPNSTs.14
Advances in the molecular characterization of
MPNST have increased our understanding of the
molecular pathways that underlie this entity, and
have opened up a new window of opportunities in
personalized medicine. However, no clinical trial
has demonstrated drug efficacy for unresectable
MPNST, due partly to the low number of patients
enrolled so far and the lack of a patient risk stratification system.2,3
Herein, we present the case of an adolescent who
developed a recurrent sporadic MPNST in which
we tested the feasibility of using a patient derived
orthotopic xenograft (PDOX) model and genomic
characterization of the tumor to compile preclinical data in real time to guide the patient’s
therapy.

Methods
Patient
The patient was a previously healthy 14-year-old
boy diagnosed with a brachial plexus MPNST,
who relapsed 15 months later. A fragment of fresh
tissue from the relapsed tumor was received for
genomic analysis and PDOX generation. Informed
consent was obtained and covered comprehensive
genomic characterization of primary tumors from
the patient as well as the development of mouse
orthotopic animal models for pre-clinical use.
The study received IDIBELL IRB (#PR213/13)
and IDIBELL Animal Ethic Experimentation
Committee (CEEA-IDIBELL) (#9111) approval.
Generation of PDOX models
Six-week-old male nude Harlan mice were used. A
fragment of tumor (2–3 mm3) was engrafted in a
single mouse (Passage 0) in the sciatic nerve
(orthotopic engraftment) as previously described.15
Two months later, the tumor was expanded by
resecting and engrafting into the two legs of seven
new mice (Passage 1). Tumor resection was performed, opening a subcutaneous pocket with surgical scissors, an incision was made in the muscle
to display and resect the MPNST. Animals were
then sacriﬁced by cervical dislocation following the
guidelines approved by our ethical committee.
Representative fragments were either frozen in
nitrogen or ﬁxed in 10% buffered formalin and
then processed for parafﬁn embedding.
The patient’s lung metastasis was implanted orthotopically in mice lungs. Briefly, mice were anesthetized with a continuous flow of 1–3% isoflurane/
oxygen mixture (2 l/min) and subjected to right
thoracotomy. Mice were situated in left lateral
decubitus position, and a small transverse skin incision (∼5–8 mm) was made in the right chest wall.
Chest muscles were separated by a sharp dissection,
and costal and intercostal muscles were exposed.
An intercostal incision of 2–4 mm on the third or
fourth rib on the chest wall was made and a small
tumor piece of 2–4 mm3 was introduced into the
chest cavity. The tumor specimen was anchored to
the lung surface with Prolene 7.0 suture. Next, the
chest wall incision was closed with surgical staples,
and, finally, chest muscles and skin were closed.
Mice were inspected twice a week and monitored
for the presence of breathing problems.16 Seven
months after engraftment, mice were sacrificed and
tumors passed to another animal.
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The mouse experiments were approved by the
campus Animal Ethics Committee and complied
with AAALAC (Association for Assessment and
Accreditation of Laboratory Animal Care Inter
national) procedures.
Pre-clinical testing of drugs in PDOX models
Mimicking patient treatment in PDOX models.
When tumors reached a homogenous size of 500–
1000 mm3 after a month of growth, mouse tumors
at passage 1 showing homogenous growth (n = 6)
were randomized into two groups: vehicle (n = 3)
and combined trametinib plus everolimus group
(n = 3) for 15 days. Mice were implanted with two
tumors, one in each leg, and, after chemotherapy
treatment, they were anesthetized and one tumor
from each leg was resected while the other was
allowed to regrow in live mice for 50 days. Subsequently, the regrowth tumors were engrafted in
new nude mice to test new treatment schemes
(Passage 2) (Table 1, Supplemental Materials and
methods file). After treatment initiation, tumors
were measured using a caliper every 2–3 days and
tumor volume was calculated using the formula
v = (w2 l/2), where l is the longest diameter and w
the width.15
We administered all the diary compounds following a schedule of 5-days-on/2-days off. Partial
response is considered when treatment does not
completely eliminate the tumor.
Testing new treatments to guide future therapy.
Considering the genomic alterations in the
relapsed MPNST and bibliographic data, we
started new treatment tests on the regrown PDOX
after everolimus and trametinib treatment (Passage 2). We selected monotherapy treatments
with bromodomain inhibitor JQ1 (PRC2 loss),
palbociclib, a CDK4/6 inhibitor (CDKN2A/B
loss), nab-paclitaxel, bevacizumab, and the
combination of sorafenib plus doxorubicin and
gemcitabine plus docetaxel. The treatments lasted
15 days, and, thereafter, tumors were allowed to
regrow (Table 1).
Histological study
Representative fragments of the tumors (human
and PDOX) were fixed, dehydrated, and embedded in paraffin. Tissue sections (3 µm) were
hematoxylin-eosin stained for morphological
analysis.
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DNA preparation, SNP-array analysis, and
exome sequencing
The GentraPuragene Kit (Qiagen, Hilden,
Germany) was used for DNA isolation. SNP-array
was performed using HumanOmniExpress-24v1-1
Beadchip as previously described.15 Genomic plots
were created with karyoploteR.17
Exome sequence capture and amplification was
performed using Agilent SureSelect Human All
Exon kit (Agilent, Santa Clara, CA, USA) according to the manufacturer’s instructions in the
Centro Nacional de Análisis Genómico (CNAG).
Sequencing was performed in a HISeq2500
(Illumina, San Diego, CA, USA) with paired end
2x100 reads. We mapped the reads to the 1000
Genomes reference genome (hs37d5) using BWA
MEM,18 and called variants using Strelka in germline mode.19 Variants were then normalized and
annotated with annovar.20
Table S1 in the supplemental material depicts the
genome characterization performed in each sample.
Western blot
Samples for western blot were homogenized by a
tissue lyser in radioimmunoprecipitation assay
(RIPA) buffer containing complete protease inhibitor cocktail (Merck, Darmstadt, Germany) then
centrifuged at 10,000 × g for 10 min to remove
cellular debris.
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Equivalent amounts of protein (20 µg) and the
protein marker (NZYColour Protein Marker II,
MB090, NZYtech, Lisbon, Portugal) were separated on 12% acrylamide gels (TGX Stain-Free™
FastCast™ Acrylamide kit; Bio-Rad, Hercules,
CA, USA) gels. This technology contains trihalo
compounds that react with tryptophan residues in
a UV-induced reaction to produce fluorescence
that can be detected by the ChemiDoc imaging
system. Total protein was detected using the
ChemiDoc imager in the membrane after transfer
onto nitrocellulose membranes. Membranes were
blocked for 1 h with bovine serum albumin (BSA)
5% and then incubated with primary antibody
[H3K27me from Cell Signaling (9733) at 1:1000
dilution in 5% BSA; Cell Signalling Technology,
Beverly, MA, USA]. The membranes were incubated for 1 h at room temperature with secondary
antibody horseradish peroxidase-conjugated antirabbit (1:1000). Detection was conducted using
SuperSignal West Femto chemiluminescent
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Table 1. Drug treatments in the PDOX mouse model.
Treatment

Administration
route

Trametinib

Oral

Everolimus

Dose
(mg/kg)

Solvent

N° mice

Schedule

1

10% cremophor EL/10%
PEG400

3

Daily

Intraperitoneal

5

2% DMSO/
carboxymethylcellulose

3

Daily

JQ1

Intraperitoneal

50

5%DMSO/5% dextrose

4

Daily

Nab-paclitaxel&

Intraperitoneal

20

50% ethanol/50% cremophor,
diluted ¼ in saline

4

Daily

Bevacizumab

Intraperitoneal

5

PBS

3

Daily

Palbociclib

Oral

150

50 mM acetate buffer pH 4

3

Daily

Sorafenib

Oral

60

50% cremophor/50% ethanol

3

Daily

Doxorubicin*

Intraperitoneal

8

Saline

3

One dose

Gemcitabine*

Intraperitoneal

90

Saline

3

Every 4 days

Docetaxel*

Intravenous

15

Saline

3

Every 4 days

*Obtained from our hospital pharmacy.
&Nab-paclitaxel used is abraxane (the nano-particle of albumin-bound paclitaxel).
PBS, phosphate-buffered saline; PDOX, patient-derived orthotopic xenograft.

substrate kits (Pierce Biotechnology Inc.,
Rockford, IL, USA) using the ChemiDoc imager.
Results
Patient description
The clinical history and evolution of the patient is
summarized in Figure 1. Magnetic resonance
imaging (MRI) revealed a large left brachial plexus
tumor (Figure 2A) in a 14-year-old boy. Surgery
was performed achieving gross total resection.
Histological review confirmed MPNST. The
patient met no criteria for NF1. Germline testing
for SMARCB1, NF1, CDKN2A, TP53, NF2,
LZTR1, mTOR, MSH1, and MSH2 was negative.
Upfront therapy included chemotherapy as per the
International Society of Pediatric Oncology (SIOP)
non-rhabdomyosarcoma (RMS) protocol; arm C
(ifosfamide, vincristine, and actinomycin D) plus
doxorubicin, followed by consolidation with focal
radiotherapy (41 Grays). At the end of therapy,
there was no evidence of disease. However,
8 months later, two cervical masses were detected
(Figure 2B). Whole body FDG-PET/CT scan
confirmed high metabolic activity in these two
areas exclusively. A new, near total resection was
achieved, and tumor relapse confirmed. During
4

surgery, tubes for brachytherapy were implanted.
Fresh tissue was used for PDOX generation and
genomic analysis. External re-irradiation was
administered (normofractionated, total dose of 60
Grays). Based on pre-clinical data,21 and a clinical
trial [ClinicalTrials.gov identifier: NCT03433183]
where selumetinib was administered orally at a
dose of 50 mg twice daily and sirolimus was administered orally at a dose of 4 mg once daily with a
cycle 1 day loading dose of 12 mg, each cycle is
considered as 28 days,22 the patient was started on
a regimen of everolimus and trametinib (Figure 1).
PDOX generation and treatment mimicking the
patient’s drug scheme
Our experience in generating MPNST PDOX
facilitated a rapid establishment of this patient’s
model in parallel with the patient’s treatment.15
We implanted a fragment of relapsed tumor in a
single mouse (Passage 0) in the sciatic nerve.
Tumor growth was palpable 2 months after
implantation. To try to better reproduce the
patient’s treatment, PDOX mice were treated
with everolimus and trametinib in order to submit
tumor xenografts to the same drug selection
pressure as the patient’s tumor. Since time is one
of the key factors in real-time pre-clinical
journals.sagepub.com/home/tam
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Figure 1. Timeline summary.

The clinical evolution and treatment of the patient is represented above the timeline arrow. Below is depicted the research
activity performed. Discontinuous purple rectangle indicates time patient was attended at Hospital Sant Joan de Déu.
Timeline is expressed in months.

treatments, and a treatment of 15–21 days in mice
is considered sufficient to evaluate the pharmacological response, mice were treated for 15 consecutive days. At this point we observed a 35%
tumor size-weight reduction compared with the
control group (Figure 3), indicative of tumor
response. After that, we let the tumors regrow for
50 days in order to use these regrown PDOXs for
implanting new animals, for new drug treatments.
In total, 5 months were necessary from the first
tumor implantation until obtaining regrown
PDOX tumors mirroring the patient’s treatment.
Comparative analysis of the patient’s relapsed
tumor with the PDOX model using SNP-array
and histology analyses confirmed that the PDOX
recapitulated human disease (Figure S1) as previously described.15,23,24 Overall, the genomic structure of the PDOX after treatment greatly
journals.sagepub.com/home/tam

resembled the genomic structure of the patient’s
relapsed MPNST, although some small differences were observed such as the loss of chromosome 6q, already present in a subpopulation of
the patient’s relapsed MPNST, or the amplification of chromosomes 8q and 17p (Figure S1B).
Genomic analysis
Concomitant to PDOX development, SNP-array
molecular karyotyping and exome sequencing
was performed from the patient’s relapsed
MPNST. SNP-array identified a homozygous
deletion in chromosome 11 involving the EED
gene (Figure 4 and S2A), a component of the
polycomb repressive complex 2 (PRC2). In agreement with this, decreased levels of H3K27me3
were detected in this tumor compared with
5
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Figure 2. Images showing MPNST and relapses.

(A) Magnetic resonance imaging for diagnostic purposes revealing a large left brachial plexus tumor. The arrow points to
the MPNST. (B) Neck and chest CT scan showing two nodes suspicious of local relapse. The arrow points to one node. (C) CT
scan showing new lung nodule suspicious of metastatic relapse. The arrow points to a lung metastatic nodule.

Figure 3. PDOX response to trametinib + everolimus regimen.

In the left panel, results are plotted as the average of tumor volume at different time points (days). In the right panel, the
mean of the final tumor weight is plotted. Dashed grey areas denote time without treatment.

another MPNST with wild-type PRC2 (Figure
S2B). In addition, a homozygous deletion in
chromosome 9 was also identified, affecting the
CDKN2A and CDKN2B tumor suppressor genes
(Figure 4). Some other homozygous deletions
were detected although they did not involve any
other gene related with MPNST to date and are
now under further investigation (Table S2). Also,
exome sequencing identified several genetic
variants (Table S3); MAPK1 variant c.241G>A
(p.Glu81Lys) was predicted as pathogenic,
potentially resulting in the activation of the
MAPK cascade.
Real-time treatments in mice to guide clinicaltreatment decisions
Considering the genomic alterations identified in
the patient’s relapsed MPNST, data from the literature, availability of drugs, and time constraints, we
designed a treatment scheme for performing on
the regrown PDOX after everolimus-trametinib
6

(passage 2) consisting of monotherapies for: JQ1, a
bromodomain inhibitor11; palbociclib, a CDK4/6
inhibitor25; nab-paclitaxel26; bevacizumab27; and
the combinations of sorafenib plus doxorubicin15;
and gemcitabine plus docetaxel.28 Treatments were
performed in two separate experiments according
to drug availability and time restrictions (Figure 5A
and B). The highest tumor reduction was achieved
with the sorafenib plus doxorubicin combination
(71%), followed by nab-paclitaxel (67%) and palbociclib (57%) (Figure 5A and B). No significant
histological changes were found in residual
regrown masses post-treatment (Figure S3).
However, mice treated with sorafenib plus doxorubicin suffered significant weight loss. For nab-paclitaxel, several mice were re-treated with additional
cycles, observing a clear stabilization of tumor size
(Figure 5A) without achieving original tumor size.
Hence, nab-paclitaxel seemed to be a good first
option in the case of tumor relapse. In summary, we
needed 8 months, and two mouse passages to complete this personalized co-clinical trial (Figure 1).
journals.sagepub.com/home/tam
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Figure 4. Molecular karyotyping by SNP-array analysis of the patient’s relapsed MPNST.

Homozygous deletions encompassing the three last exons of EED (see Figure S2A for a detailed image) and the CDK2NA/B
genes. Copy number variations are represented by a colored wide line under LRR (grey: 2n, yellow: > 2n (chromosomal
gain); light green: 1n (heterozygous loss); dark green: homozygous loss. LOH events are shown in blue.

Lung patient metastasis and treatment
After 11 months of treatment with everolimus and
trametinib, a CT scan showed the appearance of
new lung nodules, suspicious of metastatic relapse
(Figure 2C). An excised nodule confirmed lung
metastasis. We opted to treat the patient with nabpaclitaxel, which exhibited the highest tumor
response and lowest toxicity in PDOX pre-clinical
data. We observed an initial disease stabilization,
but lung metastasis progressed 4 months later and
treatment was switched to sorafenib and doxorubicin (Figure 1). This combination was the most
effective treatment in our MPNST PDOX model,
but the lung nodule progressed further on this regimen. Notably, the number of metastatic lesions did
not increase. In this clinical scenario, the patient
underwent serial metastasectomies at another institution and is currently disease free 46 months after
the first relapse. With the aim of revealing new possibilities in the case of future tumor progression in
the patient, the lung metastasis was implanted
orthotopically in a new mouse, then the lung metastatic PDOX was sequenced. Lung metastasis grew
slowly in the PDOX model, and tumor amplification was not feasible for performing new real-time
journals.sagepub.com/home/tam

drug tests (Figure S4A–B). Interestingly, histological analysis of the mouse lungs did not identify
additional metastatic dissemination, only confined
local growth (Figure S4 C–F).
Discussion
We tested here the feasibility of using PDOX models to guide therapeutic decisions in real-time in a
young patient with a relapsed MPNST. This
patient’s relapse was treated with a combination of
MEK and mTOR inhibitors based on pre-clinical
and clinical data [ClinicalTrials.gov identifier:
NCT03433183].21,22 Accordingly, once the
MPNST PDOX model was established (3 months),
the same treatment was administered to the animals
in order to emulate the potential molecular changes
occurring in the patient’s tumor due to treatment.
The time constraints of a co-clinical pilot study
made it very difficult to generate treatment-resistant
PDOX models, so we developed the closest model
possible to the patient’s therapeutic scheme, while
not compromising the collection of pre-clinical data
during the patient’s treatment in real-time.
According to the genomic analysis of the patient’s
7
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Figure 5. PDOX response to different drug treatment regimens.

In the left panels, results are plotted as the average of tumor volume at different time points (days). In the right panels, the mean of the final tumor
weight is plotted. (A), JQ1 and Nab-paclitaxel. (B) bevazicumab, palbociclib, sorafenib + doxorubicin and gemcitabine + docetaxel. Dashed grey areas
denote time without treatment.

relapsed tumor, published data, drug availability,
and treatment possibilities, we first tested different
monotherapy treatments and some co-treatments
on regrown MPNST PDOX after trametinib and
everolimus administration. Palbociclib (CDK4/6
inhibitor) showed significant tumor size reduction,
in agreement with results presented in sarcomas.25
JQ1 did not show the expected cytostatic effect
observed previously in vivo,11 although a recent in
vitro study indicated that, in human NF1-derived
MPNST samples, BRD4 mRNA levels were not
upregulated and that MPNST cell lines were relatively insensitive to the bromodomain inhibitor
JQ1,29 being in agreement with our PDOX results
in this patient. In our study, we observed a significant tumor reduction, stabilizing tumor growth,
when using nab-paclitaxel in monotherapy. Nabpaclitaxel, in combination with gemcitabine, has
been described to produce a clinical benefit in 57%
of patients with advanced soft-tissue sarcomas,30
and is also now in a clinical trial [ClinicalTrials.
gov identifier: NCT03524898].31 Moreover, the

8

combination of sorafenib plus doxorubicin
decreased tumor size as previously described.15 No
clear response was observed when treating with bevacizumab alone or with gemcitabine plus docetaxel.
The combination of these three compounds was
described as well tolerated and with activity in very
high risk sarcomas, and can be further explored in
future PDOX models.32 Interestingly, we completed our PDOX based-study 6 months before the
disease progressed in the patient.
Lung metastasis was identified in this patient
after 11 months of trametinib-everolimus treatment. Taking into consideration the PDOX
results, we treated the patient with nab-paclitaxel.
We observed stable disease, but lung metastasis
progressed 4 months later. As a fourth line of
treatment, sorafenib plus doxorubicin was administered with acceptable tolerance. Although the
rate of tumor growth was reduced and no further
dissemination was identified, multiple metastasectomies were performed to treat the patient.

journals.sagepub.com/home/tam
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As a future PDOX approach, it would be worthwhile
to evaluate the efficacy and toxicity of co-treatments,
capturing the three different molecular alterations
identified in the patient’s tumor (MAPK1 activation,
PRC2 and CDKN2A/B loss), some of which have
previously been tested pre-clinically,11,33,34 and
clinically in cancer patients ([ClinicalTrials.gov
identifier: NCT03266159], [ClinicalTrials.gov ident
ifier:NCT01841463])35,36 but we could not do this
due to time limitations. In addition, our patient did
not present local relapse, but lung metastasis and our
PDOX model was not intended for modeling metastasis. To obtain the metastatic model, the primary
tumor needs to be removed and then wait for metastasis to occur, an approach difficult to achieve in realtime co-clinical studies. Another limitation is that
our PDOX model does not fully mimic the clinical
course of the patient as the mice did not receive focal
irradiation and brachytherapy as did the patient after
relapse resection. Whereas radiotherapy treatments
are frequent in clinical practice, they are difficult to
implement in mice. Local irradiation is possible
when the mouse is implanted in the sciatic nerve, but
not in the lung. In order to optimize time and efforts,
an ideal scenario would be the combination of
PDOX with other strategies based on in vitro development of tumoroids or HDRA assays (histoculture
drug response assay) that could be faster and
cheaper. However in vitro studies do not obtain
information regarding pharmacodynamic or pharmacokinetic aspects since most of them depend on
the route of administration and solvents used.
Finally, it is important to note that relapsed MPNST
is a condition with a grim prognosis. Therapies
directed by pre-clinical experiments may raise ethical considerations, and short- and long-term toxicities should be discussed with the patient.
Conclusion
In summary, our work demonstrates the feasibility of achieving a combined approach that
includes the generation of PDOX models with
the integration of genomic data used in real-time
to guide critical clinical therapeutic decisions.
However, the results observed in our model did
not exactly recapitulate the patient’s response.
Certainly the time constraints of real-time preclinical studies greatly influence the possibility of
generating the best models to mimic the patient’s
condition. However, the experience gained in this
co-clinical pilot study could help us to better plan
for a parallel modeling, to cover different potential scenarios, such as relapse or metastasis.

journals.sagepub.com/home/tam

Future and more accurate models and tumor
characterization may reduce the gap between the
pre-clinical findings and patient outcomes. This
could be achieved by improvement in mimicking
a patient’s real condition in PDOX (focal irradiation/brachytherapy and generation of a model
with lung metastasis) as well as by enhancing
genomic characterization by adding RNA
sequencing and methylation data to our analysis
that could provide a comprehensive variety of
druggable targets to be tested in these models.
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