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ABSTRACT: Here we analyze the genetic and molecular
basis responsible for a very benign phenotype observed in
an NF1 patient. Quantification of cells carrying the NF1
mutation in different samples derived from the three
embryonic layers revealed mosaicism. Furthermore, the
construction of a minigene with patient’s mutation
(c.3198�314G4A) confirmed its benign nature due to
the leakiness of the splicing mechanism that generated a
proportion of correctly spliced transcripts. Hence, we
concluded that the mild phenotype observed in this patient
is the result of the presence of mosaicism together with the
benign nature of a leaky NF1-splice mutation. Finally, with
the aim of developing a personalized therapeutic approach
for this patient, we demonstrated correction of the splicing
defect by using specific antisense morpholino oligomers.
Our results provide an example of the molecular complexity
behind disease phenotypes and highlight the importance of
using comprehensive genetic approaches to better assess
phenotype–genotype correlations.
Hum Mutat 32:705–709, 2011. & 2011 Wiley-Liss, Inc.

KEY WORDS: NF1; mosaicism; genotype–phenotype; splicing

Neurofibromatosis type 1 (NF1; MIM] 162200) is an autosomal
dominant disorder characterized by an increased predisposition to
develop certain types of malignancies as well as by the presence of
a wide range of clinical traits involving cells of neural crest origin
(reviewed in [Riccardi, 1992]). NF1 is caused by germline
mutations in the NF1 gene, which is one of the human genes

with a higher mutation rate. Comprehensive genetic studies
identified more than 1,100 disease-causing mutations allowing a
precise depiction of the NF1 germline mutational spectrum
(reviewed in [Messiaen and Wimmer, 2008]). So far, two
constitutive NF1 mutations have been correlated with a particular
NF1 phenotype. Individuals with type 1 NF1-deletions, which
encompass 1.4Mb of genomic DNA [Kayes et al., 1994; Lopez
Correa et al., 1999] and involve several other genes in addition to
the NF1, are characterized by a severe phenotype, consisting of
learning problems, dysmorphic features and a high number of
dermal neurofibromas [Mautner et al., 2010; Pasmant et al., 2010].
By contrast, patients with the recurrent c.2970�2972 delAAT
mutation seem to express a moderate phenotype characterized by
the absence of dermal neurofibromas [Upadhyaya et al., 2007].

It has been suggested that a proportion of the new mutations are
actually somatic implying than some sporadic patients are mosaics
for a NF1 mutation [Zlotogora, 1993; Kehrer-Sawatzki and
Cooper, 2008]. Depending on the stage during development of
the occurrence of the mutation we can distinguish patients
showing generalized mosaicism, segmental mosaicism, and gona-
dal mosaicism [Ruggieri and Huson, 2001]. Generalized mosaicism
cases exhibit typical symptoms of the disease in a mild generalized
form, making them very difficult to distinguish from nonmosaic
patients. Segmental manifestation show clinical manifestations
limited to one or a few areas of the body [Crowe et al., 1956; Moss
and Green, 1994; Riccardi, 1982]; this is a rare condition that
occurs at around 1:36,000–40,000 individuals [Friedman et al.,
1999; Ingordo et al., 1995; Ruggieri and Polizzi, 2000; Wolkenstein
et al., 1995]. Gonadal mosaicism is confined to the germline and is
extremely uncommon in NF1 [Bottillo et al., 2010; Lazaro et al.,
1994]. Identification of somatic mosaicism and assessment of
tissues affected by the NF1 somatic mutation is difficult and
represents a challenge because it is especially important for
providing accurate genetic counselling to the patient.

For several genetic conditions, genotype–phenotype studies
have suggested the importance of mechanisms regulating splicing
as modifiers of phenotype in carriers of splicing defects [Nissim-
Rafinia and Kerem, 2005]. For instance, a leaky effect of some
splicing mutations associated with the production of wild-type
transcripts from mutated alleles has been described. In some cases
this phenomenon has been associated with a mild phenotype
[Beck et al., 1999]. The high number and diversity of splicing
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mutations in the NF1 gene made it interesting to explore the
occurrence of leakiness in the splicing mechanism and its putative
relation to the severity of the disease.
In this work we describe the molecular basis underlying

the mild NF1 phenotype of a patient fulfilling the NIH-NF1
established diagnostic criteria. Written informed consent was
obtained from the patient following our institutional review board
approved protocol. The patient is a 34-year-old woman who is a
sporadic case of the disease (Fig. 1A, left panel) showing 20 café-au-
lait spots on the trunk and upper extremities, mild scoliosis,
axillary and submammary freckling, and presence of less than 50
minuscule neurofibromas (a few millimeters in diameter) located
on the trunk, which started to appear when she was 18 years old
(Fig. 1A, right panel). The patient does not have Lisch nodules,
any dysmorphism or learning disability. The NF1-mutational
analysis using DNA isolated from peripheral blood of the
patient revealed a point mutation in intron 19a of the gene
(c.3198�314G4A) (Supp. Table S1). This mutation is a deep
intronic mutation that creates a new cryptic acceptor splice site
that uses two different cryptic donor splice sites present in the
wild-type sequence (Supp. Table S2), to generate two aberrantly
spliced transcripts showing inclusion of two different cryptic
exons (Fig. 1B); both cryptic exons would generate the same
putative truncated protein (p.Asp1067TrpfsX7).
We investigated two possible biological mechanisms that could

explain the mild phenotype of the patient: somatic mosaicism and
presence of mild NF1-mutation. To explore mosaicism we used a
quantitative approach, based on the analysis of a single nucleotide
primer extension reaction (SNaPShot analysis), to determine the
proportion of cells containing the mutated allele in a subset of
samples representative of the three embryonic layers (Supp.
Materials and Methods). As this NF1 mutation had never been
described before in other patients, it was impossible to obtain
genetic material representative of a bona fide heterozygous sample
that could be used as a control for quantification. Hence, we
generated artificial controls consisting of two plasmids; one
containing the patient’s mutation and the other bearing the wild-
type sequence (Supp. Materials and Methods). A mixture of serial
proportions of both plasmids was used to obtain a standard curve
that allowed estimation of the proportion of mutant alleles present
in the different tissues obtained from the patient (Supp. Figs. S1
and S2). This analysis revealed that samples derived from the
endoderm and mesoderm, such as uroepithelial cells and peri-
pheral blood, respectively, showed a proportion of mutant allele of
around 50% (Fig. 1C and Supp. Fig. S3), indicating that all the
cells from these tissues are carrying the mutation in heterozygosis.
However, samples derived from the ectoderm, such as skin, buccal
swab or hair roots, showed a mutant allele proportion lower than
50%, ranging from 20 to 35%, suggesting that only a proportion
of the cells of these tissues were carrying the NF1 mutation. Cells
from saliva showed an intermediate value that was in agreement
with its nature, consisting of a mixture of white blood cells
(mesoderm) plus buccal epithelial cells (ectoderm). To validate
our results and confirm that the observed different proportions
of mutated and WTalleles in the SNaPShot analysis were reflecting
a somatic mosaicism and were not caused by amplification
artefacts due to the different nature and origin of DNAs
analyzed, we performed a control SNaPShot analysis using a
SNP unrelated to the disease in the same set of DNA samples. We
studied SNP rs2075786 located in an intronic region of the TERT
gene, located on a different human chromosome and for which
our patient was heterozygous. In this case, the proportion
of both alleles was close to 50% in all tested DNA samples (Fig. 1C

and Supp. Fig. S4), a result that reinforced the validity of our
previous results observed in the SNaPShot analysis of the NF1
mutation. Taking all our results together we can conclude that
the patient studied here is a case of a NF1 mosaicism as the NF1
mutation is present in different proportions in different cell types.
Hence, this NF1 mutation may have occurred early during
development; as cells derived from the three embryonic layers are
carrying the mutation in contrast to cases of segmental mosaicism,
where the proportion of mutated cells in nonneural crest derived
tissues can often lie below the detection level of routine analysis
[Maertens et al., 2007]. Although several cases of mosaicism have

Figure 1. Patient and mutation description, SNaPshot results and XCI
assay. A: Pedigree of the patient (left panel). Detail of neurofibromas from
the back where the small size of them can be appreciated (right panel).
B: Schematic representation of the NF1 deep intronic mutation
(c.3198�314G4A) and the observed aberrant splicing. Constitutive and
cryptic exons are represented by dark and light gray boxes, respectively.
Mutated nucleotide is shown in capital letter and indicated by an arrow.
Intron sequences are in lower case; boxes in introns mark cryptic splice
sites. C: Summary of the SNaPShot results for mutation c.3198�314G4A
(light gray bars) and the SNP rs2075786 (control SNP) (dark gray bars) in
a battery of different samples from our patient. Allele proportion is
indicated on the Y-axis, experiments were performed in triplicate. Data
are represented by a bar consisting of the mean7SD. D: Summary of the
X-chromosome inactivation assay from different tissues of the studied
patient and controls. Results were averaged from at least two replicates
of the experiment. [Color figures can be viewed in the online issue, which
is available at www.wiley.com/humanmutation.]
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been described for NF1, the role of mosaicism in NF1 is still scarcely
analyzed and limited to few number of cases [Kehrer-Sawatzki and
Cooper, 2008]. The use of different methodological approaches with
high sensitivity such as SNaPShot analysis or real-time quantitative
allele discrimination [Aretz et al., 2007; Maertens et al., 2006],
together with the investigation of several different tissues in cases
where a mild form of the disease is observed, will help to ascertain
the role of somatic mosaicism in Neurofibromatosis type 1.
Taking into consideration the embryological origin of the

different tissues analyzed and the fact that the majority of NF1
traits have a neural crest-derived cell origin (reviewed in [Raedt
et al., 2008]), we were surprised by the proportions of mutated
cells identified, greater in tissues mainly derived from the
endoderm or mesoderm and smaller in tissues derived form the
ectoderm. We decided to further explore the complex mosaicism
exhibited in this patient by performing an X-chromosome
inactivation (XCI) assay in the same set of tissues (Supp. Materials
and Methods) [Allen et al., 1992]. X-chromosome inactivation is a
stochastic event that occurs in the early stages of embryonic
development in female embryos [Lyon, 1961, 1962]. If a genetic
mutation occurs after this inactivation, one can perform an
X-chromosome inactivation test in different tissues in order to
ascertain whether any bias is observed in the proportion of
inactivation in both X-chromosomes and compare these results to
the proportion of cells carrying the given genetic mutation [Wang
et al., 2009]. In our case, determination of clonal expansion was
based on the analysis of DNA methylation and CAG tandem
repeats at the human androgen receptor locus (HUMARA) [Allen
et al., 1992], located on chromosome X, in the same tissues were
mutation analysis was performed (with the exceptions of skin and
hair roots). The number of CAG repeats differentiated the parental
X chromosomes and methylation status distinguished the active
and inactive X chromosome. In the absence of proliferative
differences (advantages or disadvantages) between NF1-mutated
and nonmutated cells, completely random XCI would be expected
to result in around 50% inactivation of each X chromosome in all
tissues. By convention, mildly skewed XCI was defined by an allele
ratio 80–90% inactivation, and extremely skewed XCI was defined
by an allele ratio 490% inactivation [Beever et al., 2003; Kimani
et al., 2007]. Interestingly, we observed skewed XCI in the case of
peripheral blood, saliva and uroepithelial cells with ratios of 12:88;
15:85, and 10:90, respectively. None of the rest of tissues from
the patient, or a subset of control blood DNA samples, showed
skewed XCI (Fig. 1D and Supp. Fig. S5). Tissues carrying the
highest proportion of mutated cells coincided with those
exhibiting skewed XCI. Moreover, in all these tissues, the same
X chromosome was predominantly inactivated, making it unlikely
that this observed skewed X-inactivation was the result of a purely
random process. These results suggest a proliferative advantage of
certain cells carrying the NF1 mutation that results in higher
proportions of both percentage of mutated cells and cells with
skewed X chromosome inactivation. Consequently, these prolif-
erative differences suggest that the observed proportions of
mutated cells in the adult tissues analyzed in the present study
do not reflect the initial percentage of mutated cells in the
different embryonic cell layers. However, these results have to be
taken carefully as it has been reported that X-inactivation ratios
may vary between different tissues within one normal individual
[Sharp et al., 2000].
To investigate a second possible cause of the observed mild NF1

phenotype, the benign nature of the NF1 mutation, we analyzed
and quantified the expression of mutant transcripts produced by
the deep intronic NF1 mutation identified, exploring different

tissues from the same patient. We analyzed any deviation from the
expected 50:50 proportion of mutant versus normal transcripts,
taking into consideration the proportion of mutated cells identified
in the analysis of DNA from different tissues. The analysis of RNA
from fresh tissues (Supp. Materials and Methods) indicated, with a
certain degree of variation between samples, a low proportion of
mutated transcripts, ranging from 1.4% to 14.41% and none in the
hair root sample (Fig. 2A, upper panel). The study of cell cultures
(lymphocytes and fibroblasts) (Supp. Materials and Methods)
revealed a low proportion of mutated transcripts as well as the
action of the nonsense-mediated mRNA decay (NMD) mechanism
on mutated-mRNA, because puromycin treatment was able to
increase the levels of mutant transcripts observed in both cell types
(Fig. 2A, bottom panel). By comparing the proportion of mutated
transcripts (Fig. 2A) with the percentage of mutated DNA (Fig. 1C)
in the same tissues, it became clear that there was a reduction in the
proportion of mutated RNA. An illustrative example was the
analysis of lymphocyte cells that showed equal proportions of
mutated and wild-type alleles at the DNA level. However, the
analysis of their transcriptional profile provides evidence of a much
lower proportion of aberrantly spliced transcripts than the expected
50% (20% after puromycin treatment and less than 10% without
this treatment). Altogether, the differences between observed and
expected proportions of aberrantly spliced transcripts, even after
avoiding NMD, suggested the possibility that wild-type transcripts
were also produced from the mutated allele, resulting in a low
proportion of abnormal transcripts. In order to confirm this
hypothesis we also constructed a minigene carrying the mutated
allele (Supp. Materials and Methods). The analysis of the transcripts
generated by the minigene containing mutation c.3198�314G4A
indicated the production of both mutated and wild-type tran-
scripts, while the minigene encoding the normal sequence only
produced normal transcripts (Fig. 2B and Supp. Fig. S6),
confirming that the low proportion of mutant transcripts is due
to the production of normal transcripts from the mutated allele due
to leakiness of the splicing mechanism. Therefore, the particular
benign nature of this NF1 mutation was possibly contributing to
the mild phenotype observed in our patient, by acting as a
hypomorphic allele rather than a null one.

Finally, and with the aim of starting to design personalized
therapeutic strategies for NF1 patients, three different specific
AMOs blocking cryptic splice sites used by the mutation were
designed (as previously reported) [Pros et al., 2009]. AMOs were
designed, synthesized, and purified by Gene Tools (Philomath, OR)
and endo-porter (GeneTools) was used to deliver AMOs into skin-
derived fibroblasts from the patient (Supp. Materials and Methods).
We observed that the three designed AMOs were able to reduce the
levels of mutant transcripts, although a complete correction was
only observed when a combination of the three AMOs was used
(Fig. 2C, upper panel) as has also been described in other genetic
disorders [Gurvich et al., 2008]. To confirm that this reduction was
specific to the AMO designed we performed the same treatment but
using an unspecific AMO, designed to block a donor splice site
generated by a different mutation located in intron 3 of the NF1
gene (Supp. Materials and Methods). As expected, no effect on the
proportion of mutant transcripts was observed when using an
unspecific AMO. Furthermore, we observed that IVS19a-AMO
donors 1 and 2 inhibit, in a specific manner, the two aberrant
transcripts generated. IVS19a-AMO donor 1 preferentially inhibits
aberrant transcript 1 (r.3197�3198ins3198-214-3198-312) whereas
IVS19a-AMO donor 2 preferentially inhibits aberrant transcript 2
(r.3197�3198ins3198-245-3198-312) (Supp. Fig. S7). Finally, to
confirm that correction of aberrant splicing by AMO treatment at
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RNA level had some effect at a functional level, we indirectly
assessed neurofibromin function, by measuring levels of active Ras
(Ras-GTP) as an indicator of neurofibromin GTPase activity
(Supp. Materials and Methods). We treated primary fibroblast
cultures carrying the deep intronic mutation first with one AMO
blocking the newly created acceptor splice site and second with a
combination of three AMOs that were designed to block all
cryptic splice sites located at intron 19a. We found that levels of
Ras-GTP were lower in fibroblasts treated with specific AMOs
than in untreated fibroblast or in fibroblasts treated with an
unspecific AMO (Fig. 2C, bottom panel), in agreement with our
previous results using cell lines derived from other NF1 patients
carrying the same type of mutation [Pros et al., 2009]. This
decrease in active Ras levels suggests that AMO treatment was
indeed restoring neurofibromin GTPase function.
To conclude, in this report we are presenting a very illustrative

case where a combination of different biological processes such as
somatic mosaicism and the leaky nature of a splicing mutation,
are the possible causes of the mild NF1 phenotype observed in
our patient. Our results highlight the complexity of genotype–
phenotype correlations and the importance of performing
comprehensive genetic studies to interpret clinical findings and
facilitate genetic counselling.
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Supp. Materials and Methods

Sample collection and DNA extraction 
Different samples belonging to tissues derived from the three embryonic layers were acquired 
from the studied patient. Skin biopsy, buccal epithelium and hair roots were acquired for 
ectoderm representation, peripheral blood and saliva for mesoderm, and urine samples to 
obtain uroepithelial cells detached from the bladder were collected for endoderm representation. 
Genomic DNA was extracted by using the Gentra purogene kit (Qiagen) except for the saliva, 
which was extracted by using the Oragene DNA (Genotek), following the manufacturer’s 
instructions. 
Mutation has been named according to the Human Genome Variation Society guidelines 
(http//:www.hgvs.org) and sequence variations checked by Mutalyzer – sequence variant 
nomenclature check V1.0.1. program (http//:www.LOVD.nl/mutalyzer/). The first nucleotide of 
the first methionine codon is denoted position +1 according to the NF1 mRNA sequence RefSeq 
NM_000267.2. Exons are not named consecutively but according to the accepted nomenclature 
used by researchers in the NF1 field. 

SNaPshot Analysis 
SNaPshot is a primer extension method based on the addition of a single dye-labelled dideoxy 
nucleotide to primers localized adjacent to the nucleotide under examination [Kaminsky, et al., 
2005; Uhlmann, et al., 2002]. Primer sequences flanking the NF1 mutation present in intron 19a 
and flanking an intronic SNP on chromosome 5 (rs2075786) in the hTERT gene (human 
telomerase retrotranscriptase) were used, all primers are available upon request. Single 
nucleotide primer extension reaction was carried out with the SNaPshot Multiplex kit (Applied 
Biosystems) according to manufacturer’s instructions. Products were run in an ABI Prism 3130 
DNA Sequencer and analyzed by GeneMapper v4.0 (Applied Biosystems). The degree of 
mosaicism was calculated using peak heights: Proportion of mutant allele A=A/(A+kG), where A 
was the peak height of the mutant allele, G the peak height of the wild type allele, and k was a 
constant given by the ratio of A/G in heterozygous control samples. Three independent 
replicates of all experiments were obtained and in every experiment controls were included.  

Heterozygous control samples 
Artificial heterozygous control samples were created in order to simulate a patient with the same 
mutation studied in a non-mosaic state to obtain the constant necessary to estimate the 
proportion of the mutant allele in all the studied DNA samples. PCR products were amplified 
from the heterozygous patient, with the primers amplifying the studied mutation, and cloned into 
PCR 2.1 TOPO by the TOPO TA CLONING kit (Invitrogen). Purified constructs were used as 
homozygous wild type and mutant plasmids. The genotype of the two constructed plasmids was 
confirmed by DNA sequencing.

X-chromosome inactivation assay 
We performed the human androgen-receptor X-inactivation assay as previously described 
[Allen, et al., 1992]. Briefly, 100 ng of each female genomic DNA sample was digested either 
with the methylation-sensitive restriction enzyme HpaII (New England Biolabs, Inc., Ipswich, 
MA) or incubated with 1× enzyme buffer only. Digestion was held for 16h at 37ºC and was then 
terminated by incubating the reaction at 65ºC for 20 min. From those reactions, one nanogram 
of each was then amplified by PCR with primers flanking the polymorphic androgen receptor 
CAG repeat. All reactions were performed at least in duplicate and primers are available upon 
request. PCR products were analyzed with ABI 3100 Genetics Analyzer (Applied Biosystems). 
The proportion of inactivation of the lower molecular weight allele (allele 1) was calculated using 
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the following formula, which normalizes occasional biases in allele amplification: Proportion (allele 

1) = ((d1/u1)/( d1/u1+d2/u2)) x 100, where d1 and d2 represent the two peak heights from the 
digested samples and u1 and u2 are the corresponding peaks from the undigested samples. 
Results were averaged from two replicates of the experiment. By convention, mildly skewed XCI 
was defined by an allele ratio >80-20% and extremely skewed XCI was defined by an allele 
ratio >90-10% [Beever, et al., 2003; Kimani, et al., 2007]. 

Cell lines and cultures 
For fibroblast isolation, skin was cut into small pieces and digested with 160 U/ml collagenase 
type 1 (Sigma, St. Louis, MO) and 0.8 U/ml dispase grade 1 (Roche Diagnostics, Penzberg, 
Germany [Serra, et al., 2001]. Fibroblasts were grown with Dulbecco’s modified Eagle’s medium 
(DMEM; Gibco, Invitrogen, Paisley, UK), 10% fetal bovine serum (FBS; Gibco, Invitrogen), and 
penicillin/streptomycin (Gibco, Invitrogen) at 37ºC and 5% CO2.

RNA preparation, RT-PCR, and quantification of NF1 expression 
Total RNA was extracted by using the RNeasy Mini Kit (Qiagen, Heidelberg, Germany) following 
the manufacturer’s instructions after the addition of Puromycin (0.25mg/ml for 4h) to prevent the 
nonsense mRNA decay mechanism (NMD). Reverse-transcription reactions were performed 
with random hexamers and SuperScript II Reverse Transcriptase (Invitrogen). PCR reactions 
were performed under the following conditions: 30 cycles of 94ºC for 30 sec, 60ºC for 30 sec, 
and 72ºC for 1 min after an initial denaturation of 3 min, and followed by a final extension of 8 
min. Primer sequences used to amplify both wild-type transcripts and the different transcripts 
with cryptic exon inclusion are available upon request. PCR products were analyzed with the 
Agilent 2100 bioanalyzer with DNA 1000 LabChip kit series II (Agilent Technologies, Waldbronn, 
Germany). Percentages of cryptic exon inclusion were obtained by taking the sum of 
concentration values (nmol/l) of the different fragments (wild-type and aberrantly spliced) as 
100%.

Minigene constructs, transfection, and splicing analysis 
The NF1 minigene containing genomic sequence from exons 19a to 19b was created by cloning 
an amplified fragment of genomic NF1 into pcDNA3.1-TOPO (Invitrogen), primers are available 
upon request. 293-HEK Cells were transfected with 1 µg of plasmid by the use of Lipofectamine 
(Invitrogen). After 24h, cells were harvested and RNA extracted using RNeasy kit (Qiagen). 
Semiquantitative amplification of spliced transcripts was carried out. 

Morpholino oligomer design and treatment 
The 25-mer AMOs were designed, synthesized, and purified by Gene Tools (Philomath, OR) 
and targeted the newly created aberrant acceptor splice site (AMO-IVS19a A) and the two 
different silent donor splice sites (AMO-IVS19a D1 and D2). Endo-Porter (GeneTools) was used 
to deliver AMOs into cells. AMO sequences are available upon request. In this work we also 
used an unspecific AMO to evaluate the specificity of our designed AMOs. This unspecific AMO 
is designed to block a donor splice site generated by a mutation in intron 3 of the NF1 gene 
(c.288+2025T>G) [Pros, et al., 2009]. For fibroblast cell line treatment with AMOs, cells were 
seeded at 3x105 cells/well, in a 6-well plate. The next day, culture medium was replaced by 
fresh 10% FBS/DMEM medium containing 20 µM of AMOs. Immediately afterwards, Endo-
Porter was added and mixed well (6 mM). 

Ras-GTP assay and western blot of total Ras 
The Ras activation assay kit (Upstate Biotech, Lake Placid, NY) was used according to the 
manufacturer’s protocol. The assay uses affinity precipitation to isolate Ras-GTP from cell 
lysate. Fibroblast cell lysate (300 µg) was incubated with an agarose-bound Raf-1 RBD fusion 
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protein. Agarose beads were collected by pulsing in a microcentrifuge (5 sec at 14,000 rpm, 3g), 
washed with lysis buffer, and resuspended in Laemmli sample buffer. Cell lysates containing 5 
µg of protein were prepared for Western blot analysis of total Ras. Samples from the Ras-GTP 
assay and total Ras analysis were then boiled for 5 min and loaded onto 12% SDS-PAGE 
polyacrylamide gels. Samples were electrophoresed and transferred (400 mA) to a 
nitrocellulose membrane (Hybond-C extra, GE-Healthcare). The membrane was blocked with 
5% non-fat dry milk and incubated overnight at 4ºC with primary antibody, anti-Ras clone 
RAS10 (1/300; Upstate Biotechnology, Lake Placid, NY) (1 µg/ml). This was followed by 
incubation with HRP-conjugated secondary antibody at room temperature for 1h. The blot was 
developed using the West Pico SuperSignal substrate (Pierce) for the total Ras analysis and 
Tubulin and West Femto SuperSignal for the Ras-GTP assay. 
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Supp. Figure S1. SNaPshot results from two different homozygous clones mixed to 
obtain different allele proportions. On the right of every SNaPshot graph the Sanger 
sequence is observed. The asterisk denotes the position of the mutation under 
examination. Numbers indicate the ratio between the wild type and mutant allele. 
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Supp. Figure S2. Regression analysis of SNaPshot analysis of c.3198-314G>A 
mutation after mixing two homozygous control cDNAs in different proportions. 
Allele proportions were calculated from the peak heights: Proportion of A allele= 
A/(A+kG) where the correction factor k is determined from the mix simulating an 
allele proportion of 0.5 (5:5). The measured allele frequencies were plotted against 
the expected allele frequencies. A near linear relationship over the whole data is 
confirmed (R2=0.998).
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Supp. Figure S3. Results from SNaPShot analysis of c.3198-314G>A mutation in 
different samples. The asterisk denotes the position of the mutation under 
examination. 
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Supp. Figure S4. Results from SNaPShot analysis of rs 2075786 in different 
samples. The asterisk denotes the position under examination. 
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Supp. Figure S5. Results from X-Chromosome Inactivation (XCI) Assay. A:
Analysis of the XCI pattern in blood from four different controls. B: Analysis of 
the XCI pattern in different samples of the studied patient. U: undigested, D: 
digested.
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Supp. Figure S6. Schematic representation of the 
wild type and mutant minigenes and their 
corresponding splicing. Solid line corresponds to the 
expected splicing, and dashed line corresponds to 
the wild-type splicing from the mutant allele that we 
are assessing with this minigene analysis. E19a: 
Exon 19a, E19b: Exon 19b, I19a: Intron 19a, D1: 
Donor 1 cryptic splice site, D2: Donor 2 cryptic splice 
site.
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Supp. Figure S7. Schematic representation of the three 
cryptic splice sites located deep inside intron 19a that allow 
the insertion of two aberrant transcripts: CEI1 and CEI2. 
And a graph showing the proportion of the two cryptic exon 
transcrits (CEI1 and CEI2); underneath the Agilent 
electrophoresis gel is shown.
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ABSTRACT

Malignant peripheral nerve sheath tumors (MPNST) are soft-tissue sarcomas that can arise either 
sporadically or in association with neurofibromatosis type 1 (NF1). These aggressive malignancies 
confer poor survival, with no effective therapy available. We present the generation of five patient-
derived MPNST orthoxenograft models for pre-clinical testing. MPNST orthoxenografts 
recapitulate the histopathological properties and preserve the genomic and transcriptomic status of 
their parental primary tumors, mimicking distal dissemination properties. MPNSTs contained highly 
altered genomes that remained remarkably stable in orthoxenografts and along passages. Although 
preliminary, the results presented here point to clear differences between NF1-associated and 
sporadic MPNSTs. In accordance, mutation frequency in sporadic MPNSTs was an order of 
magnitude higher than in NF1-associated MPNSTs and unsupervised cluster analysis and principal 
component analysis using a MPNST signature perfectly divided the samples between NF1 and 
sporadic MPNST. Finally, sorafenib in combination with doxorubicin or rapamycin, was found to 
be the most effective treatment for reducing MPNST growth. The development of these models laid 
the foundations for evaluating novel therapeutic strategies in the clinical setting. 

Keywords: MPNST, NF1, orthoxenograft, preclinical mouse models, sorafenib.

INTRODUCTION 
Malignant peripheral nerve sheath tumors 
(MPNST) are common malignancies derived 
from the neural crest linage arising from major 
peripheral nerves. MPNSTs account for 3-10% 
of all soft tissue sarcomas and are a highly 
aggressive histological subtype, with an 
incidence in the general population of 1 per 
100,000 (Collin et al, 1987; Ducatman et al, 

1986; Evans et al, 2002). Approximately half 
of MPNSTs develop in patients with 
neurofibromatosis type 1 (NF1) while the other 
half develop sporadically (Carli et al, 2005; 
Evans et al, 2002; Ferner & Gutmann, 2002). 
In NF1 patients, these tumors commonly arise 
within a preexisting plexiform neurofibroma 
(Ducatman et al, 1986). NF1 is a common 
autosomal dominant tumor predisposition 
disorder occurring in 1 in 3,500 individual 
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world-wide (Carli et al, 2005). The lifetime risk 
of MPNST development in NF1 patients is 
around 8-13%, and these sarcomas are the 
leading cause of mortality and morbidity in 
adults with NF1 (Evans et al, 2002; Rasmussen 
et al, 2001). Due to the disease progression and 
metastatic potential, both sporadic and NF1-
related MPNSTs are considered tumors of poor 
prognosis (Ferner & Gutmann, 2002; Porter et 
al, 2009). 

The therapeutic approach for all MPNSTs 
comprises surgical excision followed by 
radiation and/or chemotherapy (Carli et al, 
2005; Dilworth et al, 2006; Ducatman et al, 
1986; Moretti et al, 2011; Porter et al, 2009). 
The five-year survival rate after MPNST 
diagnosis in a NF1 patient is 20-50%, with a 
higher survival rate in sporadic cases (Evans et 
al, 2002). Treatment failure is often associated 
with bone and lung metastases (Anghileri et al, 
2006; Ducatman et al, 1986; Wong et al, 1998). 
Standard sarcoma chemotherapy regimens are 
indicated for the treatment of MPNST. 

Different strategies have been developed to 
generate in vivo tumor models that may 
resemble human MPNSTs and could be used 
for the assessment of effective and 
standardized therapies. Subcutaneous and 
orthotopic xenograft MPNST models have 
been generated from both sporadic (Johansson 
et al, 2008; Lopez et al, 2011; Mahller et al, 
2007) and NF1 tumors, from established cancer 
cell lines in all cases (Banerjee et al, 2010; 
Lopez et al, 2011; Perrin et al, 2007). To date, 
only one model has been derived from a 
primary MPNST, but this was subcutaneously 
engrafted (Bhola et al, 2010). A genetically 
engineered mouse model carrying linked 
germline mutations in Nf1 and Tp53 has also 
been developed and used in several drug trials 
(Cichowski et al, 1999; Vogel et al, 1999).  

Several therapeutic approaches have been 
evaluated in pre-clinical models (Ambrosini et 
al, 2008; Demestre et al, 2010; Jessen et al, 
2013; Johansson et al, 2008; Killion et al, 
1998; Mahller et al, 2007; Ohishi et al, 2013), 
most of them aiming at targeting the RAS-
MAPK signaling pathway (Basu et al, 1992; 
DeClue et al, 1992; Downward, 2003; Guha et 
al, 1996) that is expected to be over-activated 
upon NF1 mutation (Guha et al, 1996; Sherman 

et al, 2000). However, the results of these 
assays have been inconclusive or limited to 
certain models.  

Here,we describe the establishment and 
comprehensive characterization of a library of 
orthotopic patient-derived xenograft MPNST 
models from sporadic and NF1 patients. Our 
results demonstrate that perpetuated orthotopic 
patient-derived tumor xenografts (PDTXs) 
closely resemble primary tumors and allow 
preclinical evaluation of personalized 
therapeutic approaches. 

RESULTS
Development of orthoxenograft mouse 
models of MPNSTs 

We generated five MPNST orthoxenograft 
mouse models: two from sporadic tumors, two 
from independent tumors of the same NF1 
patient, and one corresponding to the 
engraftment of the MPNST cell line S462 
(Figure 1 and Table I). None of the primary 
tumors received radiotherapy or chemotherapy 
prior to surgery. Human tumors (2-3 mm3) 
were grafted into the sciatic nerve of nude mice 
following the procedure outlined in Material 
and Methods. 

Orthoxenograft mouse MPNST models 
closely resemble primary tumors 

After the establishment and standardization of 
the orthoxenograft models, we performed an 
exhaustive histological and molecular 
characterization of MPNSTs and 
orthoxenografts, comparing each primary 
tumor to its corresponding orthoxenograft at 
passages 1 and 4. 

Histological validation 

Hematoxylin-eosin staining showed similar 
histopathological patterns between primary 
tumor and orthoxenograft at passages 1 and 4 
(Figure 2A and Figure Table S1A). In addition, 
analysis of the soft-tissue tumor marker 
Vimentin showed positivity in all models, 
while three canonical non-nerve tumor markers 
(epithelial membrane antigen, desmin, and 
smooth muscle actin) were all negative (Table 
II and Figure 2B and Figure S1B). The 
endothelial marker CD34 was shown to be 
positive in two of the NF1 tumor models 
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(including the corresponding primary tumors) 
but negative for the rest of cases. S100, a 
neural differentiation marker that stains all 
benign Schwann cell tumors but only ~50% of 
MPNSTs (Khalifa et al, 2000), revealed 
positivity in all sporadic models but was 
negative for the NF1 tumors. As measured by 
Ki67 staining, the rate of tumor cell 
proliferation was similar for all cases 
(positivity 25-35%) with the exception of S462 
cells, which showed a higher proliferation rate 
(~80%); similar results were observed using 
P53 (Table II, Figure 2B and Figure S1B). 

To investigate distal dissemination properties, 
lung and liver from sacrificed mice were 
histologically analyzed for the presence of 
micrometastases. In one of the orthoxenograft 
models (MPNST-SP-001) few small lung 
synchronic metastases, but none liver 
metastases, were identified (Figure S2). A 
subgroup of orthotopically implanted mice (the 
two sporadic and MPNST-NF1-001) were kept 
alive for 4–6 months after tumor removal to 
investigate the dissemination capabilities in a 
longer time frame. Lung micrometastases were 
identified in 2 out of 3 orthoxenograft models 
(data not shown). 

Human stroma is lost after engraftment and 
replaced by murine cells 

Due to the importance of tumor 
microenvironment in tumor behavior and 
response to therapy, it was important to 
understand the nature of the stroma in the 
MPNST orthoxenografts generated. Thus, we 
next analyzed the fate of human non-tumor 
stroma cells after primary MPNST 
engraftment. The staining with anti-human 
CD34 clearly labeled vessels in primary tumors 
but not in orthoxenografts. By contrast, an 
antibody for the identification of mouse CD34 
only labeled vessels in the orthoxenograft 
samples and not the patient's primary tumor 
(Figure 3C and Figure S3). In addition, when 
attempting to derive cell lines from first-
passage MPNST orthoxenografts, a rapid 
overgrowth of murine fibroblasts was observed 
immediately after plating (data not shown), 
indicating the presence not only of murine 
vessels but also mouse stromal fibroblasts.  

As both copies of the NF1 gene are inactivated 
in NF1-associated MPNSTs, non-malignant 

stroma cells can be identified as those carrying 
only the constitutional mutation but not bearing 
a second NF1 hit. We analyzed the NF1 
patient-derived MPNSTs (NF1-001 and NF1-
002) for the presence of mutation c.350T>A 
(germline hit) and for the second NF1 hit (LOH 
in both tumors). The sequence of the NF1
region containing the constitutive mutation 
revealed WT NF1 alleles in primary tumor 
samples, indicating the presence of normal 
human cells (Figure 3B). In contrast, WT NF1
alleles were cleared out in the corresponding 
derived orthoxenografts, indicating probable 
loss of the human stroma cells (Figure 3B). We 
then analyzed SNP-array data from both 
tumors and corresponding xenografts, using 
ASCAT to estimate the percentage of normal 
cells present in both sample types. These 
results corroborated the loss of human stroma 
cells in orthoxenografts from the first 
engraftment (passage 1) (Figure 3A). Further 
analysis of SNP-array data from sporadic 
MPNSTs showed a similar pattern of stroma 
loss. 

Molecular validation 

In addition to a thorough histological validation 
of the developed MPNST orthoxenograft 
models, we performed extensive molecular 
characterization at the genomic and 
transcriptomic levels of primary tumors and 
orthoxenografts by SNP array, exome 
sequencing and expression array analyses. 

Genomic copy number and allelic imbalance 
analysis 

MPNSTs are characteristically composed by 
tumor cells containing highly altered genomes 
at a structural level (Beert et al, 2011; Forus et 
al, 1995; Mantripragada et al, 2009; 
Mantripragada et al, 2008; Mechtersheimer et 
al, 1999; Mertens et al, 2000; Mertens et al, 
1995). Accordingly, we characterized the 
somatic copy-number alterations (SCNAs) and 
allelic imbalances (AIs) present in primary and 
paired orthoxenografts and performed an 
exhaustive comparison. 

We first analyzed tumor MPNST-NF1-001 by 
comparing the primary tumor with the 
orthoxenografts at passages 1 and 4 from two 
lineages representing two independent 
engraftments (Figure 4). SNP-array data from 
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these five samples were analyzed using 
ASCAT. Comparison of the primary tumor 
with the four orthoxenografts allowed us to 
detect genomic alterations along xenograft 
passages, assessing the genomic stability of the 
engrafted tumor, and differences between two 
primary engrafted independent lineages, 
assessing the reproducibility of the 
orthoxenograft model. As expected, the 
genome of the primary MPNSTs and 
orthoxenografts was highly altered, mainly 
presenting gains of whole chromosomes or 
large chromosomal regions and a few losses of 
genetic material. In addition, B-allelle 
frequency (BAF) plots showed several patterns 
consistent with complex rearrangements and 
large regions exhibiting LOH (Figure 4). A 
global view of the genomic alteration profiles 
showed a high degree of similarity between the 
primary tumor and the 4 derived 
orthoxenografts. In this case, due to the high 
proportion of non-altered stroma cells in the 
primary tumor sample, the raw data were 
strongly biased towards a diploid heterozygous 
genome, hence the analysis of SNP data from 
the primary tumor reported fewer alterations 
than in orthoxenografts. However, these 
differences were not present in the rest of the 
primary tumor vs. orthoxenograft comparisons, 
since the proportion of 2n cells in these tumors 
was lower (Figure S4). The comparison of 
BAF plots between primary tumor and 
orthoxenograft passages 1 and 4 was consistent 
with the progressive depletion of human 2n 
cells along passages. In addition, the analysis 
of multiple orthoxenograft passages revealed 
that this highly altered genome remained stable 
along successive xenograft passages (Figure 
S4). The differences in BAF between 
orthoxenografts at passage 1 and passage 4 that 
were not compatible with progressive stroma 
removal were interpreted as structural genomic 
changes caused by the successive engraftments 
(highlighted in Figure S4). Overall, 
comparative analysis of the primary tumor and 
the serial passages of the orthoxenograft 
models indicated that, on average, less than 7% 
of the orthoxenograft genome presented 
structural changes (copy number alterations 
and allelic imbalances) relative to the primary 
tumor. 

Exome sequencing 

Exome sequencing was used to characterize 
and compare genetic variation caused by point 
mutations in genomic coding regions present in 
the primary tumors and matched 
orthoxenograft MPNST models. The minimum 
coverage needed for reliable variant calling 
was set at 20x, and regions above this threshold 
(well covered regions, WCR) were identified in 
all samples related to the same primary tumor 
(primary related samples, PRS). The length of 
the different PRS-WCR ranged from 16.9Mb 
for MPNST-NF1-001-PRS to 44Mb for 
MPNST-SP-001-PRS. Only variants present in 
PRS-WCR were taken into account when 
comparing samples within each PRS. 

The number of somatic mutations identified in 
PRS-WCR varied between PRSs and ranged 
from 22 in MPNST-NF1-002-PRS to 755 in 
MPNST-SP-001-PRS. When comparing 
tumors and xenograft pairs at passage 1, just 
after engraftment, a mean of ~9 (0-33) 
mutations were identified in orthoxenografts 
that were not present in primary tumors (Figure 
5) (Table SI). New mutations were scattered 
over the genome and showed no apparent 
clustering except for three intronic mutations in 
the TTN gene. Of a total of 1409 somatic 
mutations identified in the four primary tumors, 
only 6 (3 in MPNST-NF1-002-OT1 and 3 in 
MPNST-NF1-001-OT4) were not detected in 
the orthotopic xenograft models and therefore 
classified as lost in the engraftment process 
(data not shown). Altogether, the low number 
of new and lost point mutations detected in the 
engrafted tumors with respect to their primary 
counterparts reinforces the fact that the 
orthotopic xenograft MPNSTs generated for 
this study recapitulate the characteristics of the 
primary tumors. 

Expression analysis

Gene expression levels are influenced by 
different biological processes at the genomic 
and epigenomic levels. Thus, gene expression 
analysis can provide an integrative and more 
functional overview of the state of a tumor. 
Accordingly, expression array analysis was 
performed to validate the orthoxenograft 
models at the gene expression level. We 
observed a high global correlation between the 
normalized expression values for primary 
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tumors and orthoxenografts at passage 1 (R2

~0.9) and an even higher correlation between 
the values at passage 1 and passage 4 (R2

~0.98), which is consistent with the removal of 
stromal cells (Figure 6). We then analyzed a 
subset of ~1000 genes representing a molecular 
signature associated with NF1-peripheral nerve 
sheath tumors, differentiating benign tumors 
from malignant tumors and derived cell lines 
(Miller et al, 2009). Using this signature, the 
analysis reported an even closer correlation 
between orthoxenografts and the corresponding 
primary tumors (R2 ~0.95); by contrast, using 
the same signature, lower correlation values 
were reported between distinct primary tumors 
(R2 ~0.78) and between primary tumors and 
non-corresponding xenografts (R2 ~0.8) 
(Figure 6A). Unsupervised clustering analysis 
organized all of the samples analyzed, with 
each primary tumor grouped together with the 
corresponding derived orthoxenografts at 
different passages (Figure 6B). Finally, PCA 
was performed using the gene expression levels 
of the molecular signature; primary tumors 
were perfectly grouped with their 
corresponding derived orthoxenografts (Figure 
6C). At the same time, the first component 
separated NF1-associated MPNSTs and models 
from sporadic cases, while the second 
component separated primary tumors and 
orthoxenografts from the S462 cell line and its 
derived orthoxenograft.  

Using pre-clinical orthoxenograft MPNST 
models to test drug treatment regimens 

As the models were found to closely 
recapitulate the human disease at the 
histopathological, genomic and transcriptomic 
levels, they were used to testclinically relevant 
therapeutic approaches. The five models were 
treated with monotherapy or combined drug 
regimens, using: doxorubicin, a conventional 
chemotherapeutical agent; rapamycin, an 
allosteric mTOR inhibitor; and sorafenib, a 
BRAF inhibitor (Figure 7). Monotherapy with 
doxorubicin only showed a mild effect in one 
model, although in combination with 
rapamycin and with sorafenib it showed a 
slight synergistic effect, inhibiting tumor 
growth (Figure 7). Intraperitoneal 
administration of rapamycin caused significant 
tumor reduction in all models (Figure 7), 
whereas orally administrated rapamycin 

showed no effect on tumor growth. Sorafenib 
treatment caused the greatest reduction of 
tumor growth relative to controls in all models, 
either alone or in combination with 
doxorubicin or rapamycin (Figure 7). 
Specifically, sorafenib plus doxorubicin was 
the most effective therapeutic regimen in all 
cases (Figure 7). Sorafenib plus rapamycin 
showed far more significant tumor reduction in 
NF1-related cases than in sporadic cases 
(Figure 7). Collectively, these therapeutic 
assays support the use of sorafenib to treat 
MPNSTs, although they also highlight the need 
for specific models to account for disease 
heterogeneity. 

Overexpression of ABCB5 and ASNS has been 
linked to resistance to doxorubicin in different 
tumor types (Cheung et al, 2011; Frank et al, 
2005). Exome-sequencing analysis revealed 
three putative mutations in the ABCB5 gene (a 
nonsense and two missense variants) and one in 
the ASNS gene (a splice site variant) (Table SI). 
The two variants with the clearest lost of 
function effect (the nonsense mutation in 
ABCB5 and the splice site mutation in ASNS) 
were found in the same sporadic tumor 
(MPNST-SP-002). This tumor exhibited the 
best response to doxorubicin treatment, being 
potentially interesting for future 
pharmacogenetic studies. 

Sporadic versus NF1-associated 
orthoxenograft mouse MPNST models 

We developed four MPNST orthoxenograft 
models derived from primary tumors. Two of 
the primary tumors were independent MPNSTs 
from a single NF1 patient and the other two 
were sporadic MPNSTs from two unrelated 
patients. Although the number of models is still 
very limited, and results are potentially biased 
due to the two NF1-related primaries arising in 
the same patient, there were remarkable 
differences between the two groups at the 
molecular (point mutations, genome structure 
and gene expression) and histological levels. 

The most striking differences were observed in 
the number and type of somatic point 
mutations. In order to remove any bias due to 
different coverage depths, we identified the 
regions with a read coverage of 20x or higher 
in all exome-sequenced samples and termed 
them All-Well Covered Regions (All-WCR). 
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The All-WCR contained a total of 16.76 Mb of 
exons and exon-intron boundaries. Only point 
mutations present in these regions were taken 
into account when comparing sporadic and 
NF1-related tumors. Thirty somatic point 
mutations were identified in MPNST-NF1-001 
and 15 in MPNST-NF1-002. However, the 
number ofsomatic point mutations was an order 
of magnitude higher in sporadic MPNSTs: 308 
in MPNST-SP-001 and 257 in MPNST-SP-002 
(Figure 8A and Figure S5A). Consequently, the 
mutational frequency in common regions was 
1.79 and 0.89 mutations per megabase for 
MPNST-NF1-001 and MPNST-NF1-002, 
respectively, and 18.38 and 15.33 mutations 
per megabase for MPNST-SP-001 and 
MPNST-SP-002, respectively. 

Among the total number of somatic point 
mutations identified in the PRS-WCR, the 
frequency of different types of base changes 
also differed between sporadic and NF1-related 
tumors. While mutations in NF1-related tumors 
did not accumulate any particular base change, 
sporadic tumors were highly enriched in C>T 
mutations (Figure S5B), which represented 
79.07% and 85.98% of the somatic mutations 
in MPNST-SP-001 and MPNST-SP-002, 
respectively. When we studied the mutation 
context of C>T mutations in the sporadic 
primary tumors MPNST-SP-001 and MPNST-
SP-002 (Figure S5C), we observed an 
enrichment in TpC (56.78% and 57.48%) and a 
lower but significant enrichment in CpC 
(30.32% and 34.17%). 

Differences between sporadic and NF1-related 
tumors were also observed at the level of 
structural genomic alterations. To overcome 
any bias produced by different proportions of 
2n stromal cells in the primary tumors, we 
compared passage 1 orthotopic xenografts, in 
which the human stroma was strongly reduced 
(Figure S2). Both the sporadic and NF1-related 
tumors presented a highly altered genome with 
several copy-number alterations, ranging from 
215 in MPNST-NF1-001 to 401 in MPNST-
NF1-002, affecting the majority of the genome 
(from 71% in MPNST-NF1-001 to 84.9% in 
MPNST-SP-002). LOH was more frequent in 
the NF-1 related tumors (38.3% and 61.2%) 
than in sporadic ones (3.8% and 24% 
respectively) (Figure S4). 

Unsupervised hierarchical clustering of the 
expression profiles of primary tumors and 
derived orthoxenografts perfectly classified the 
samples in two groups: NF1-related (including 
the S462 cell line and derived xenograft) and 
sporadic cases (Figure 6B). This classification 
was obtained using both the molecular 
signature for NF1-related MPNSTs and the 
whole expression profile. In addition, the first 
component identified by PCA of the gene 
expression levels perfectly separated the 
sporadic tumors from NF1-related cases, 
grouping the S462 cell line with the NF1-
related tumors (Figure 6C). 

At the histological level, S100, a marker of 
neural differentiation, was positive in all 
sporadic models but negative for the NF1-
related tumors (Table II). 

Overall, while they remain preliminary, these 
results point to the existence of potential 
molecular differences between the two MPNST 
groups that could reflect either a different 
biological state or a different molecular origin. 

Cell line versus primary tumor 
orthoxenograft models 

In addition to the orthoxenograft models 
generated from primary MPNSTs, we also 
developed an orthoxenograft model from an 
established MPNST cell line (S462), following 
the same experimental procedures used for the 
other models. Histological characterization of 
the generated orthoxenograft showed that it 
retained the immunocytochemical marker 
characteristics of the original cell line, as well 
as reproducing the histological patterns of the 
NF1-associated orthoxenografts (Table II and 
Figure S1). At the molecular level, the number 
of point mutations and the expression pattern 
indicated a high degree of similarity between 
the cell line and the derived orthoxenografts 
(Figures 5 and 6). However, at structural 
genomic level, the number of differences 
between the S462 cell line and the 
orthoxenografts at passages 1 and 4 was greater 
than observed in the MPNST-derived models 
(Figure 8B and Figure S4). These differences 
were classified in two groups. The first group 
contained genomic changes identical to those 
identified in models generated from primary 
tumors; that is, differences between 
orthoxenograft passages 1 and 4, consistent 



�

�

with structural genomic changes due to the 
successive engraftments (highlighted in yellow 
in Figure 8B). The percentage of genome 
affected by these changes was low and similar 
to that observed in the other models. The 
second group of differences corresponded to 
progressive changes along passages that were 
consistent with a selection process. We had 
previously observed a high diversity in the 
chromosomal content of S462 cells in culture 
by cytogenetic karyotyping (data not shown), 
and these progressive changes from primary 
tumor to passage 1 and passage 4 pointed to a 
clonal selection process, reducing the 
heterogeneity of the original cell culture 
(highlighted in magenta in Figure 8B). 

DISCUSSION
MPNSTs are aggressive malignancies 
associated with poor survival and for which no 
effective therapy is available. We considered 
that establishing pre-clinical models was an 
step in the development of an experimental 
framework for more accurate, personalized 
testing of new therapeutic approaches. Our 
molecular understanding of cancer has been 
significantly expanded in recent years thanks to 
the development of large-scale cancer genome 
initiatives such as TCGA or ICGC (Hudson et 
al, 2010) aimed at identifying the genomic 
alterations that drive the oncogenic process. 
However, the development of novel therapeutic 
strategies is largely contingent on the 
availability of preclinical models capable of 
recapitulating the disease. Orthotopic PDTXs 
have proved to be excellent models for this 
purpose because they preserve the key 
influence of the tumor microenvironment, in 
contrast to in vitro cellular models or 
subcutaneous xenografts (Kopetz et al, 2012; 
Richmond & Su, 2008; Tentler et al, 2012). 
Histological analysis revealed an striking 
degree of concordance regarding 
histopathological and immunohistochemical 
patterns in the primary tumor-xenograft pairs. 
Human stroma was rapidly lost after MPNST 
engraftment and replaced by murine stroma, in 
agreement with other reports (DeRose et al, 
2011; Hylander et al, 2013; Sanz et al, 2009; 
Xu et al, 1999), which greatly facilitated the 
genomic structural characterization of tumors, 
which is particularly crucial in the case of 

primary tumors presenting large proportions of 
normal cells. The molecular analysis at the 
levels of genome and transcriptome also 
evidenced a high degree of similarity between 
primary MPNSTs and their corresponding 
orthoxenografts. Genomic characterization 
confirmed that MPNSTs bear highly altered 
genomes (Kresse et al, 2008; Mantripragada et 
al, 2009; Mechtersheimer et al, 1999): an 
average of 75.7% of the genome was found to 
exhibit copy-number alterations, with a high 
proportion of gains of whole chromosomes or 
large chromosomal regions and complex 
chromosomal rearrangements that would be 
compatible with an origin in a catastrophic 
event (Baca et al, 2013; Stephens et al, 2011; 
Zhang et al, 2013). This view was supported by 
the fact that the complex genome structures 
remained remarkably stable throughout the 
establishment of the orthoxenografts and along 
xenograft passages and did not reflect 
permanent genomic instability. In fact, on 
average, less than 7% of the genome structure 
showed copy-number alterations or allelic 
imbalance changes in primary tumor-xenograft 
pairs. Exome analysis also revealed little 
difference in coding region point mutations 
between primary tumors and paired 
orthoxenografts, with a mean of 10 mutations 
in xenografts that were not present in the 
primary tumor. We took an additional step in 
validating the orthoxenograft models by 
analyzing biological status at the level of gene 
expression. Transcriptomic analysis of ~1000 
genes representing a molecular signature 
associated with MPNSTs and cell lines relative 
to normal Schwann cells and benign 
neurofibromas (Miller et al, 2009; Miller et al, 
2006) showed a high correlation between 
primary tumors and paired orthoxenografts, 
even after several xenograft passages. All 
primary tumor-orthoxenograft pairs clustered 
together in an unsupervised cluster analysis and 
in a PCA, demonstrating the validity of the 
models. 

The generation of an orthoxenograft using the 
NF1-related S462 MPNST cell line revealed 
differences in the engraftment process between 
the direct grafting of primary tumors at the 
sciatic nerve and the injection of cultured cell 
lines in the same site. Although the 
orthoxenograft generated from the S462 cell 
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line reproduced the histological patterns of the 
NF1-associated orthoxenografts, genomic 
analysis showed progressive changes along 
passages consistent with a cellular and genetic 
selection process of the high heterogeneity 
present in in vitro cell cultures, a process that 
was not observed in the engraftment of primary 
tumors. 

It is generally assumed that sporadic and 
hereditary cancer sharing common inactivated 
pathways may be biologically similar although 
controversy is always present. Results 
presented here, although preliminary, point to 
clear differences in the development and 
biological state of NF1-associated and sporadic 
MPNSTs. Both MPNST types carried highly 
altered and rearranged genomes, but while 
NF1-associated MPNSTs seemed to have a 
higher degree of LOH than sporadic MPNSTs, 
the latter contained a number of point 
mutations an order of magnitude higher. 
Comparing mutation frequencies with those 
obtained across all cancer types (Lawrence et 
al, 2013; Watson et al, 2013), the NF1-
associated MPNSTs (0.89-1.79 mutations per 
Mb) fall in the low range of somatic mutation 
frequency, whereas the sporadic MPNSTs 
(15.33-18.38) are in the highest frequency 
ranges. The high variation in mutation 
frequency within MPNSTs is also common in 
many other cancer types (Lawrence et al, 2013) 
and probably reflects current limitations on the 
classification of biological tumor properties. 
When analyzing the mutation spectra to 
identify signatures of carcinogenesis 
mechanisms, we identified a strong bias in 
sporadic MPNSTs towards a high frequency of 
C>T base substitutions, which is consistent 
with the action of APOBEC3 (Nik-Zainal et al, 
2012; Stenglein et al, 2010; Taylor et al, 2013). 
The limited sequence data did not allow us to 
properly evaluate mutation clusters, so we do 
not know whether kataegis are present in 
sporadic MPNST samples. The differences 
between NF1 and sporadic MPNSTs went 
beyond genomic composition, mutation 
frequency or mutational signatures, since 
immunohistochemical characterization and 
gene expression analysis also revealed 
differences. Particularly significant results were 
obtained from the unsupervised cluster analysis 
and the PCA using a molecular signature of 

~1000 genes associated with MPNSTs, which 
clearly separated the two MPNST types. 

Finally, validated orthoxenograft MPNST 
models were used to test the effect of different 
drugs or drug combinations. The treatment 
experiments performed here demonstrated that 
the BRAF inhibitor sorafenib reduced MPNST 
growth. Sorafenib is clinically approved for the 
treatment of several cancer types such as 
kidney and liver cancer (Escudier et al, 2007; 
Llovet et al, 2008). At the preclinical level, 
good results have been reported in patients with 
advanced angiosarcomas or in mouse models 
of pancreatic islet cell tumors (Fendrich et al, 
2012; Ray-Coquard et al, 2012). Sorafenib has 
been tested in MPNST cell lines in vitro, 
showing a significant inhibition of tumor 
growth, but little data is available for in vivo
models (Ambrosini et al, 2008). Altogether 
these results strongly support the clinical 
evaluation of Sorafenib in this subset of 
patients. The antitumor activity of rapamycin 
and its analogues has been demonstrated in 
several in vitro studies with MPNST cell lines 
(Endo et al, 2012; Johansson et al, 2008; Zou et 
al, 2009) and in some clinical trials (Chan, 
2004). Our results show that intraperitoneal 
rapamycin practically stopped tumor growth in 
almost all orthoxenografts. These results are 
consistent with other studies performed using 
patient-derived subcutaneous tumor xenografts 
(Bhola et al, 2010). However, oral rapamycin 
had no effect on tumor progression, in contrast 
to previous trials using subcutaneous 
xenografts derived from cell lines (Johansson 
et al, 2008). These results may illustrate the 
importance of the MPNST implantation site 
(subcutaneous or orthotopic) or reflect poor 
drug delivery to tumors by oral administration. 
Doxorubicin seemed to show a mild synergistic 
effect in combination with rapamycin and with 
sorafenib, although it has already been 
administered alone as a conventional 
chemotherapy regime in patients with MPNSTs 
with poor outcomes (Casali et al, 2008; Ferner 
& Gutmann, 2002). The most effective 
treatment in these pre-clinical models was 
sorafenib in combination with doxorubicin or 
rapamycin, which highlights the importance of 
combined drug therapy in achieving better 
therapeutic outcomes. Interestingly, the 
MPNST that showed the best response to 
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doxorubicin treatment contained loss-of-
function mutations in both ABCB5 and ASNS
(MPNST-SP-002). The identification of 
mutations in these genes, involved in resistance 
to drug treatment, opens the possibility of 
combining inhibitors of these proteins with 
chemotherapeutic agents to improve drug 
response. 

To summarize, we developed, validated at the 
histological and genomic levels and used five 
orthotopic patient-derived MPNST xenografts, 
which were found to be an excellent resource 
for pre-clinical investigation into this 
devastating tumor type. Our work points to 
differences in the engraftment processes of 
primary tumors compared to the engraftment of 
established cell lines. Although preliminary, 
the results also appear to reveal biological 
differences between sporadic and NF1-related 
MPNSTs in terms of genomic composition, 
mutation frequency and mutational signatures, 
immunohistochemical characterization and 
gene expression that could eventually be 
translated into different therapeutic strategies. 
Using the newly established and validated 
models, we obtained the best treatment 
response when using sorafenib in combination 
with rapamycin or doxorubicin. Genomic 
characterization will enable us to use these 
orthoxenograft MPNST models in 
pharmacogenomic analysis. 

MATERIAL AND METHODS 
Primary tumors and cell lines 

4 fresh primary MPNSTs were identified and 
removed at the Sarcoma Clinical Unit 
(UFTOS) of Bellvitge Hospital (HUB) and the 
Catalan Institute of Oncology (ICO), both 
institutions located on the IDIBELL site. In the 
pathology laboratory, a piece of each tumor 
was stored immediately in culture medium 
before being sent to our molecular laboratory, 
where it was processed and preserved 
according to our conservation protocols for 
future genomic, functional and cellular 
analysis. 

Animals

Six-week-old male nude Harlan mice weighing 
18-22 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-hr light, 12-hr 
dark cycle. All experiments with mice were 
approved by the IDIBELL Animal Care and 
Use Committee. 

Human MPNST implantation and perpetuation

Fresh surgical specimens from 4 human 
MPNST were implanted in athymic mice 
(Figure 1). The donor tumors were minced into 
small fragments of 2-3 mm3 in size, and only 
macroscopically viable tumor tissue was 
implanted in the upper tight (orthotopic 
implantation, OT). Under isoflurane anesthesia, 
a subcutaneous pocket was made with surgical 
scissors. Then, a small incision was made in 
the muscle to display the sciatic nerve, where a 
piece of tumor was grafted. After implantation, 
tumor formation was checked weekly by 
palpation. Depending upon the intrinsic 
characteristics of the primary tumor or cell line, 
orthotopic tumors became apparent one-to-
three months after engraftment. Once 
orthotopic tumors had reached a volume of 
1000-1500 mm3, mice were sacrificed and 
tumors were passed to another animal. Each re-
engraftment was considered a new passage. 
This process was repeated a minimum of 4 
times to perpetuate the models. For each 
passage, part of the orthoxenograft tumor was 
cryo-preserved for future engraftments, and its 
viability after thawing was tested and 
demonstrated. 

The S462 cell line was kindly provided by Dr. 
Nancy Ratner. To establish the orthoxenograft 
model from the S462 NF1-MPNST cell line, 
we injected 0.3 ml of the cell suspension 
(3x106 cells) with a needle directly in the upper 
thigh muscle. 

A total of 17 samples were obtained and 
analyzed in different experiments: 4 primary 
MPNSTs, 1 cell line, 6 orthoxenografts in 
passage 1 and 6 orthoxenografts in passage 4. 
Details of all tumors and the cell line are 
provided in Table I. 

Nucleic acid preparation

DNA 

GentraPuragene Kit (Qiagen) was used for 
DNA isolation of frozen human and xenograft 
tumors, according to manufacturer’s 
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recommendations, after homogenization using 
TissueLyser (QIAgen). DNA quality and 
quantity were assessed by visual inspection in 
an agarose gel and with NanoDrop and 
PicoGreen. 

RNA 

Total RNA was isolated from frozen samples 
using miRCURY RNA (Exiqon). RNA 
integrity number (RIN) was verified for each 
sample using a RNA Nano Chip Kit (Agilent 
Technologies, Germany) in Agilent 
Bioanalyzer 2100. 

Immunohistochemistry analysis

Paraffin-embedded human primary and mouse 
orthoxenograft MPNST sections (3-5 �m) were 
deparaffinized in xylene and gradually 
rehydrated. Endogenous peroxidases were 
blocked by incubation with hydrogen peroxide 
(H2O2 3%, for 20 minutes), and antigen 
retrieval was performed by heating tissue 
sections for 20 minutes in citrate buffer (pH=6 
or pH=9 depending on the antibody 
manufacture’s protocol). Blocking was 
performed by incubation for 20 minutes with 
10% horse serum. The primary antibodies 
vimentin (IR630, DAKO), Desmin (IR606, 
DAKO), Actin (M0851, DAKO), EMA 
(IR629, DAKO), CD34 (IR632, DAKO), S100 
(IS504, DAKO), P53 (IR616, DAKO) and Ki-
67 (M7240, DAKO) were incubated overnight 
at 4ºC following the manufacturer’s guidelines. 
Secondary HPRT conjugated antibody 
(Envision, DAKO, Denmark) was incubated at 
room temperature for 30 minutes. Finally, 
development was performed by incubation with 
diaminobenzidine (DAB) (DAKO, Denmark) 
for 10 minutes. Nuclei were counterstained 
with Hematoxylin. For stroma analysis, 
primary antibodies rat anti-mouse CD34 
(Abcam 8158, 1:100 dilution) and mouse anti-
human CD34 (Abcam 8536, 1:100 dilution) 
were incubated overnight at 4ºC. Secondary 
HPRT anti-mouse conjugated antibody 
(Envision, DAKO, Denmark) or biotinylated 
anti-rat (Daki, Denmark; 1:200 dilution) were 
incubated at room temperature for 60 minutes. 

SNP array analysis

SNP array analysis was performed on all 17 
samples using Beadchip technology from 
Illumina, but with different chips depending on 

availability at the time of the analysis. In 
particular, 2 samples were analyzed using 
Illumina Human660W-Quad chip (655246 
SNPs), 6 samples using Illumina 
HumanOmniExpress v1 (730525 SNPs), and 9 
samples using Illumina HumanOmni1S 
(1185076 SNPs). In all cases raw data were 
processed with Illumina Genome Studio v2009 
with the Genotyping module v1.1.9 to extract 
B-allele frequency (BAF) and log R ratio 
(LRR) values for each SNP. 

SNP array data were analyzed using the R 
package ASCAT (Van Loo et al, 2010) to 
obtain loss-of-heterozygosity (LOH) and allele 
specific copy number (CN) profiles from the 
BAF and LRR values. All samples were 
analyzed independently and treated as unpaired 
samples, using the germline genotype 
prediction functionality from ASCAT. In short, 
after loading BAF and LRR data, the germline 
genotype parameters were estimated and the 
data were segmented using the ASPCF 
algorithm. Next, ASCAT computed the most 
likely combination of CN states, total ploidy 
and percentage of aberrant cells. Circular 
genomic plots were created using Circos 
(Krzywinski et al, 2009). 

Exome sequencing

Exome sequence capture and amplification was 
performed using Agilent SureSelect Human All 
Exon kit (Agilent, Santa Clara, CA, US) 
according to the manufacturer’s instructions. 
Paired-end sequencing was performed on a 
HiSeq2000 instrument (Illumina) using 76-base 
reads. Reads were aligned to the reference 
genome (GRCh37) and a BAM file was 
generated using SAMtools. PCR duplicates 
were removed using SAMtools and custom 
scripts, and single-nucleotide variant calling 
was performed using a combination of 
SAMtools and Sidrón as described previously 
(Puente et al, 2011). For orthoxenograft-
derived samples, reads were first aligned to 
mouse genome (mm9), and those read-pairs 
which did not align to mouse were then aligned 
to the human genome following the same 
pipeline as above. This procedure removed 
murine-derived reads, which might interfere in 
the analysis by artificially increasing the 
number of variants. However, this could lead to 
the removal of certain human genes with a very 
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high DNA sequence identity to mouse DNA 
and caused some true changes to be 
overlooked. Only mismatch variants were 
taken into account and small insertions and 
deletions were not counted. Common variants, 
defined as those present in dbSNP135 with a 
minor allele frequency >1%, were filtered out. 
For all variants identified in primary tumors 
and in the orthoxenografts, BAM read count 
was used to check if they were supported by a 
read in the other related samples; variants were 
considered to be present if there was at least 
one read with a quality over 20. These data 
were used to identify somatic mutations as well 
as gained mutations (variants presents in the 
xenograft but not found in the primary tumor) 
and lost mutations (variants identified in the 
primary tumor but not detected in the 
xenograft). Analysis of the genomic context of 
the C>T variants was performed using R and 
Bioconductor. 

Expression microarray analysis

Gene expression profiles were determined 
using Affymetrix Human Gene 1.0 ST arrays 
(Affymetrix, Santa Clara, CA) following 
standard protocols. Expression data were 
analyzed using R version 3.0.2 (Dean & 
Nielsen, 2007) and the Bioconductor 
(Gentleman et al, 2004) package Affy (Gautier 
et al, 2004). Raw CEL files were normalized 
with RMA and the normalized expression 
values extracted. Samples were compared at 
the level of normalized expression values using 
the Pearson correlation coefficient to quantify 
the changes between primary tumors and the 
derived orthoxenografts. Expression profiles 
were classified using a hierarchical clustering 
approach with Euclidean distance and average 
as agglomeration method. Heatmaps represent 
the Pearson correlation between pairs of 
samples and were drawn using the gplots 
library. 

Drug treatment

Mice bearing MPNST orthoxenografts were 
randomly distributed into different treatment 
groups when tumors reached a homogeneous 
size of 2500-3000 mm3 (n=7-10/group). Seven 
treatment regimens were tested: doxorubicin, 
rapamycin (intraperitoneal and oral), sorafenib, 
and their combinations. Drugs were 
administered as follows: mice were given an 

intraperitoneal injection of doxorubicin (8 
mg/kg) only once, at the beginning of the 
treatment; a daily oral or intraperitoneal dose of 
rapamycin (6 mg/kg); a daily oral gavage dose 
of sorafenib (60 mg/kg). Rapamycin was 
obtained from Novartis Pharmaceuticals 
Corporation (East Hanover, NJ). Rapamycin 
was administered in a microemulsion solvent 
composed of 50% olive oil for the oral dosage 
and was diluted in 10% DMSO; for the 
intraperitoneal dosage it was diluted in 0.5% 
w/v carboxyl methylcellulose (Sigma) 
(Johansson et al, 2008). Sorafenib was 
purchased from LC Laboratories (Woburn, 
MA) and was dissolved in 50% cremophor EL 
(Sigma, St. Louis, MO) – 50% ethanol. The 
mixture was vortexed for 30-60 minutes to 
dissolve sorafenib and then dissolved in 75% 
water immediately prior to oral gavage (Wu et 
al, 2011). At sacrifice, tumors were dissected 
out, measured and weighed. Representative 
fragments were both frozen in liquid nitrogen 
and fixed and paraffin embedded. 

Overall treatment time varied slightly between 
experiments (12-25 days), according to the 
intrinsic differences in tumor growth, and was 
always marked by the tumor size in the 
matching control group. 

After treatment initiation, tumors were 
measured every 2-3 days and tumor volume 
was calculated using the formula v=(w2l/2), 
where l is the longest diameter and w the width. 
Changes in tumor volume were quantified as 
the log2 ratio between observed and baseline 
volume.The rate of change in volume across 
different treatment categories was modeled 
using linear mixed models (LMM). The 
interaction between follow-up time (in days) 
and treatment was used to assess the effect of 
each treatment in terms of volume change and 
compared to the control group. In order to 
address the problem of multiple comparisons, p 
values were adjusted by Bonferroni correction. 
All tests were two-sided and significance level 
was set at 0.05. Analyses were also repeated 
after exclusion of mice that died during follow-
up, with no appreciable impact on results (data 
not shown). The analyses were performed 
using Stata v10 (StataCorp LP, College Station, 
Texas). 
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The Paper Explained 
PROBLEM: Malignant peripheral nerve sheath 
tumors (MPNST) are aggressive soft-tissue 
sarcomas with poor survival and no effective 
therapy available. In 50% of cases, they occur 
in the context of neurofibromatosis type I, the 
remainder arise sporadically. In vivo tumor 
models of MPNST available so far are limited 
to models derived from established cancer cell 
lines. In vivo tumor models that may resemble 
human MPNSTs and could be used for the 

assessment of effective and standardized 
therapies are needed. 

RESULTS: We generated 5 MPNST 
orthoxenograft mouse models that were 
exhaustively characterized by histopathological 
analyses, SNP-array, exome sequencing and 
expression array analyses. We demonstrated 
that all orthoxenografts models recapitulate all 
features of their parental primary tumors and 
proved that they are excellent preclinical 
models for drug treatment trials. Moreover, the 
study of these models showed possible 
differences between sporadic and NF1 tumors. 
Finally, the therapeutic assays with sorafenib 
caused a great reduction of tumor growth in all 
models supporting their use to treat patients 
affected with MPNSTs. 

IMPACT: Our work constitutes the creation of 
the first patient-derived MPNST 
orthoxenograft model resource available for 
pre-clinical testing. Moreover, results obtained 
strongly support the clinical use of sorafenib in 
these patients. 

REFERENCES 

Ambrosini G, Cheema HS, Seelman S, Teed A, 
Sambol EB, Singer S, Schwartz GK (2008) 
Sorafenib inhibits growth and mitogen-activated 
protein kinase signaling in malignant peripheral 
nerve sheath cells. Mol Cancer Ther 7: 890-896 

Anghileri M, Miceli R, Fiore M, Mariani L, Ferrari 
A, Mussi C, Lozza L, Collini P, Olmi P, Casali PG 
et al (2006) Malignant peripheral nerve sheath 
tumors: prognostic factors and survival in a series of 
patients treated at a single institution. Cancer 107:
1065-1074 

Baca SC, Prandi D, Lawrence MS, Mosquera JM, 
Romanel A, Drier Y, Park K, Kitabayashi N, 
MacDonald TY, Ghandi M et al Punctuated 
evolution of prostate cancer genomes. Cell 153:
666-677 

Banerjee S, Byrd JN, Gianino SM, Harpstrite SE, 
Rodriguez FJ, Tuskan RG, Reilly KM, Piwnica-
Worms DR, Gutmann DH The neurofibromatosis 
type 1 tumor suppressor controls cell growth by 
regulating signal transducer and activator of 
transcription-3 activity in vitro and in vivo. Cancer 
research 70: 1356-1366 

Basu TN, Gutmann DH, Fletcher JA, Glover TW, 
Collins FS, Downward J (1992) Aberrant regulation 
of ras proteins in malignant tumour cells from type 1 



�

�

neurofibromatosis patients [see comments]. Nature 
356: 713-715 

Beert E, Brems H, Daniels B, De Wever I, Van 
Calenbergh F, Schoenaers J, Debiec-Rychter M, 
Gevaert O, De Raedt T, Van Den Bruel A et al 
Atypical neurofibromas in neurofibromatosis type 1 
are premalignant tumors. Genes, chromosomes & 
cancer 50: 1021-1032 

Bhola P, Banerjee S, Mukherjee J, 
Balasubramanium A, Arun V, Karim Z, Burrell K, 
Croul S, Gutmann DH, Guha A Preclinical in vivo 
evaluation of rapamycin in human malignant 
peripheral nerve sheath explant xenograft. 
International journal of cancer 126: 563-571 

Carli M, Ferrari A, Mattke A, Zanetti I, Casanova 
M, Bisogno G, Cecchetto G, Alaggio R, De Sio L, 
Koscielniak E et al (2005) Pediatric malignant 
peripheral nerve sheath tumor: the Italian and 
German soft tissue sarcoma cooperative group. J 
Clin Oncol 23: 8422-8430 

Casali PG, Jost L, Sleijfer S, Verweij J, Blay JY 
(2008) Soft tissue sarcomas: ESMO clinical 
recommendations for diagnosis, treatment and 
follow-up. Ann Oncol 19 Suppl 2: ii89-93 

Cichowski K, Shih TS, Schmitt E, Santiago S, Reilly 
K, McLaughlin ME, Bronson RT, Jacks T (1999) 
Mouse models of tumor development in 
neurofibromatosis type 1. Science 286: 2172-2176 

Collin C, Godbold J, Hajdu S, Brennan M (1987) 
Localized extremity soft tissue sarcoma: an analysis 
of factors affecting survival. J Clin Oncol 5: 601-
612 

Chan S (2004) Targeting the mammalian target of 
rapamycin (mTOR): a new approach to treating 
cancer. British journal of cancer 91: 1420-1424 

Cheung ST, Cheung PF, Cheng CK, Wong NC, Fan 
ST Granulin-epithelin precursor and ATP-dependent 
binding cassette (ABC)B5 regulate liver cancer cell 
chemoresistance. Gastroenterology 140: 344-355 

Dean CB, Nielsen JD (2007) Generalized linear 
mixed models: a review and some extensions. 
Lifetime data analysis 13: 497-512 

DeClue JE, Papageorge AG, Fletcher JA, Diehl SR, 
Ratner N, Vass WC, Lowy DR (1992) Abnormal 
regulation of mammalian p21ras contributes to 
malignant tumor growth in von Recklinghausen 
(type 1) neurofibromatosis. Cell 69: 265-273 

DeRose YS, Wang G, Lin YC, Bernard PS, Buys 
SS, Ebbert MT, Factor R, Matsen C, Milash BA, 
Nelson E et al Tumor grafts derived from women 
with breast cancer authentically reflect tumor 
pathology, growth, metastasis and disease outcomes. 
Nature medicine 17: 1514-1520 

Dilworth JT, Kraniak JM, Wojtkowiak JW, Gibbs 
RA, Borch RF, Tainsky MA, Reiners JJ, Jr., 
Mattingly RR (2006) Molecular targets for emerging 
anti-tumor therapies for neurofibromatosis type 1. 
Biochem Pharmacol 72: 1485-1492 

Downward J (2003) Targeting RAS signalling 
pathways in cancer therapy. Nature reviews 3: 11-22 

Ducatman BS, Scheithauer BW, Piepgras DG, 
Reiman HM, Ilstrup DM (1986) Malignant 
peripheral nerve sheath tumors.  A clinicopathologic 
study of 120 cases. Cancer 57: 2006-2021 

Endo M, Yamamoto H, Setsu N, Kohashi K, 
Takahashi Y, Ishii T, Iida K, Matsumoto Y, 
Hakozaki M, Aoki M et al Prognostic significance of 
AKT/mTOR and MAPK pathways and antitumor 
effect of mTOR inhibitor in NF1-related and 
sporadic malignant peripheral nerve sheath tumors. 
Clin Cancer Res 19: 450-461 

Escudier B, Eisen T, Stadler WM, Szczylik C, 
Oudard S, Siebels M, Negrier S, Chevreau C, Solska 
E, Desai AA et al (2007) Sorafenib in advanced 
clear-cell renal-cell carcinoma. The New England 
journal of medicine 356: 125-134 

Evans DG, Baser ME, McGaughran J, Sharif S, 
Howard E, Moran A (2002) Malignant peripheral 
nerve sheath tumours in neurofibromatosis 1. J Med 
Genet 39: 311-314 

Fendrich V, Maschuw K, Rehm J, Buchholz M, 
Holler JP, Slater EP, Bartsch DK, Waldmann J 
Sorafenib inhibits tumor growth and improves 
survival in a transgenic mouse model of pancreatic 
islet cell tumors. ScientificWorldJournal 2012:
529151 

Ferner RE, Gutmann DH (2002) International 
consensus statement on malignant peripheral nerve 
sheath tumors in neurofibromatosis. Cancer research 
62: 1573-1577 

Forus A, Weghuis DO, Smeets D, Fodstad O, 
Myklebost O, van Kessel AG (1995) Comparative 
genomic hybridization analysis of human sarcomas: 
I. Occurrence of genomic imbalances and 
identification of a novel major amplicon at 1q21-q22 
in soft tissue sarcomas. Genes, chromosomes & 
cancer 14: 8-14 

Frank NY, Margaryan A, Huang Y, Schatton T, 
Waaga-Gasser AM, Gasser M, Sayegh MH, Sadee 
W, Frank MH (2005) ABCB5-mediated doxorubicin 
transport and chemoresistance in human malignant 
melanoma. Cancer research 65: 4320-4333 

Gautier L, Cope L, Bolstad BM, Irizarry RA (2004) 
affy--analysis of Affymetrix GeneChip data at the 
probe level. Bioinformatics (Oxford, England) 20:
307-315 



�

�
�

Gentleman RC, Carey VJ, Bates DM, Bolstad B, 
Dettling M, Dudoit S, Ellis B, Gautier L, Ge Y, 
Gentry J et al (2004) Bioconductor: open software 
development for computational biology and 
bioinformatics. Genome biology 5: R80 

Guha A, Lau N, Huvar I, Gutmann D, Provias J, 
Pawson T, Boss G (1996) Ras-GTP levels are 
elevated in human NF1 peripheral nerve tumors. 
Oncogene 12: 507-513 

Hudson TJ, Anderson W, Artez A, Barker AD, Bell 
C, Bernabe RR, Bhan MK, Calvo F, Eerola I, 
Gerhard DS et al (2010) International network of 
cancer genome projects. Nature 464: 993-998 

Hylander BL, Punt N, Tang H, Hillman J, Vaughan 
M, Bshara W, Pitoniak R, Repasky EA Origin of the 
vasculature supporting growth of primary patient 
tumor xenografts. Journal of translational medicine 
11: 110 

Jessen WJ, Miller SJ, Jousma E, Wu J, Rizvi TA, 
Brundage ME, Eaves D, Widemann B, Kim MO, 
Dombi E et al MEK inhibition exhibits efficacy in 
human and mouse neurofibromatosis tumors. The 
Journal of clinical investigation 123: 340-347 

Johansson G, Mahller YY, Collins MH, Kim MO, 
Nobukuni T, Perentesis J, Cripe TP, Lane HA, 
Kozma SC, Thomas G et al (2008) Effective in vivo 
targeting of the mammalian target of rapamycin 
pathway in malignant peripheral nerve sheath 
tumors. Mol Cancer Ther 7: 1237-1245 

Khalifa MA, Montgomery EA, Ismiil N, Azumi N 
(2000) What are the CD34+ cells in benign 
peripheral nerve sheath tumors? Double 
immunostaining study of CD34 and S-100 protein. 
Am J Clin Pathol 114: 123-126 

Killion JJ, Radinsky R, Fidler IJ (1998) Orthotopic 
models are necessary to predict therapy of 
transplantable tumors in mice. Cancer Metastasis 
Rev 17: 279-284 

Kopetz S, Lemos R, Powis G The promise of 
patient-derived xenografts: the best laid plans of 
mice and men. Clin Cancer Res 18: 5160-5162 

Kresse SH, Skarn M, Ohnstad HO, Namlos HM, 
Bjerkehagen B, Myklebost O, Meza-Zepeda LA 
(2008) DNA copy number changes in high-grade 
malignant peripheral nerve sheath tumors by array 
CGH. Molecular cancer 7: 48 

Krzywinski M, Schein J, Birol I, Connors J, 
Gascoyne R, Horsman D, Jones SJ, Marra MA 
(2009) Circos: an information aesthetic for 
comparative genomics. Genome research 19: 1639-
1645 

Lawrence MS, Stojanov P, Polak P, Kryukov GV, 
Cibulskis K, Sivachenko A, Carter SL, Stewart C, 
Mermel CH, Roberts SA et al Mutational 
heterogeneity in cancer and the search for new 
cancer-associated genes. Nature 499: 214-218 

Lopez G, Torres K, Liu J, Hernandez B, Young E, 
Belousov R, Bolshakov S, Lazar AJ, Slopis JM, 
McCutcheon IE et al Autophagic survival in 
resistance to histone deacetylase inhibitors: novel 
strategies to treat malignant peripheral nerve sheath 
tumors. Cancer research 71: 185-196 

Llovet JM, Ricci S, Mazzaferro V, Hilgard P, Gane 
E, Blanc JF, de Oliveira AC, Santoro A, Raoul JL, 
Forner A et al (2008) Sorafenib in advanced 
hepatocellular carcinoma. The New England journal 
of medicine 359: 378-390 

Mahller YY, Vaikunth SS, Currier MA, Miller SJ, 
Ripberger MC, Hsu YH, Mehrian-Shai R, Collins 
MH, Crombleholme TM, Ratner N et al (2007) 
Oncolytic HSV and erlotinib inhibit tumor growth 
and angiogenesis in a novel malignant peripheral 
nerve sheath tumor xenograft model. Mol Ther 15:
279-286 

Mantripragada KK, Diaz de Stahl T, Patridge C, 
Menzel U, Andersson R, Chuzhanova N, Kluwe L, 
Guha A, Mautner V, Dumanski JP et al (2009) 
Genome-wide high-resolution analysis of DNA copy 
number alterations in NF1-associated malignant 
peripheral nerve sheath tumors using 32K BAC 
array. Genes, chromosomes & cancer 48: 897-907 

Mantripragada KK, Spurlock G, Kluwe L, 
Chuzhanova N, Ferner RE, Frayling IM, Dumanski 
JP, Guha A, Mautner V, Upadhyaya M (2008) High-
resolution DNA copy number profiling of malignant 
peripheral nerve sheath tumors using targeted 
microarray-based comparative genomic 
hybridization. Clin Cancer Res 14: 1015-1024 

Mechtersheimer G, Otano-Joos M, Ohl S, Benner A, 
Lehnert T, Willeke F, Moller P, Otto HF, Lichter P, 
Joos S (1999) Analysis of chromosomal imbalances 
in sporadic and NF1-associated peripheral nerve 
sheath tumors by comparative genomic 
hybridization. Genes, chromosomes & cancer 25:
362-369 

Mertens F, Dal Cin P, De Wever I, Fletcher CD, 
Mandahl N, Mitelman F, Rosai J, Rydholm A, Sciot 
R, Tallini G et al (2000) Cytogenetic 
characterization of peripheral nerve sheath tumours: 
a report of the CHAMP study group. J Pathol 190:
31-38 

Mertens F, Rydholm A, Bauer HF, Limon J, 
Nedoszytko B, Szadowska A, Willen H, Heim S, 
Mitelman F, Mandahl N (1995) Cytogenetic findings 



�

�

in malignant peripheral nerve sheath tumors. 
International journal of cancer 61: 793-798 

Miller SJ, Jessen WJ, Mehta T, Hardiman A, Sites 
E, Kaiser S, Jegga AG, Li H, Upadhyaya M, 
Giovannini M et al (2009) Integrative genomic 
analyses of neurofibromatosis tumours identify 
SOX9 as a biomarker and survival gene. EMBO 
molecular medicine 1: 236-248 

Miller SJ, Rangwala F, Williams J, Ackerman P, 
Kong S, Jegga AG, Kaiser S, Aronow BJ, Frahm S, 
Kluwe L et al (2006) Large-scale molecular 
comparison of human schwann cells to malignant 
peripheral nerve sheath tumor cell lines and tissues. 
Cancer research 66: 2584-2591 

Moretti VM, Crawford EA, Staddon AP, Lackman 
RD, Ogilvie CM Early outcomes for malignant 
peripheral nerve sheath tumor treated with 
chemotherapy. American journal of clinical 
oncology 34: 417-421 

Nik-Zainal S, Alexandrov LB, Wedge DC, Van Loo 
P, Greenman CD, Raine K, Jones D, Hinton J, 
Marshall J, Stebbings LA et al Mutational processes 
molding the genomes of 21 breast cancers. Cell 149:
979-993 

Ohishi J, Aoki M, Nabeshima K, Suzumiya J, 
Takeuchi T, Ogose A, Hakozaki M, Yamashita Y, 
Iwasaki H Imatinib mesylate inhibits cell growth of 
malignant peripheral nerve sheath tumors in vitro 
and in vivo through suppression of PDGFR-beta. 
BMC cancer 13: 224 

Perrin GQ, Li H, Fishbein L, Thomson SA, Hwang 
MS, Scarborough MT, Yachnis AT, Wallace MR, 
Mareci TH, Muir D (2007) An orthotopic xenograft 
model of intraneural NF1 MPNST suggests a 
potential association between steroid hormones and 
tumor cell proliferation. Laboratory investigation; a 
journal of technical methods and pathology 87:
1092-1102 

Porter DE, Prasad V, Foster L, Dall GF, Birch R, 
Grimer RJ (2009) Survival in Malignant Peripheral 
Nerve Sheath Tumours: A Comparison between 
Sporadic and Neurofibromatosis Type 1-Associated 
Tumours. Sarcoma 2009: 756395 

Puente XS, Pinyol M, Quesada V, Conde L, 
Ordonez GR, Villamor N, Escaramis G, Jares P, Bea 
S, Gonzalez-Diaz M et al Whole-genome 
sequencing identifies recurrent mutations in chronic 
lymphocytic leukaemia. Nature 475: 101-105 

Rasmussen SA, Yang Q, Friedman JM (2001) 
Mortality in neurofibromatosis 1: an analysis using 
U.S. death certificates. Am J Hum Genet 68: 1110-
1118 

Ray-Coquard I, Italiano A, Bompas E, Le Cesne A, 
Robin YM, Chevreau C, Bay JO, Bousquet G, 
Piperno-Neumann S, Isambert N et al Sorafenib for 
patients with advanced angiosarcoma: a phase II 
Trial from the French Sarcoma Group (GSF/GETO). 
Oncologist 17: 260-266 

Richmond A, Su Y (2008) Mouse xenograft models 
vs GEM models for human cancer therapeutics. 
Disease models & mechanisms 1: 78-82 

Sanz L, Cuesta AM, Salas C, Corbacho C, Bellas C, 
Alvarez-Vallina L (2009) Differential 
transplantability of human endothelial cells in 
colorectal cancer and renal cell carcinoma primary 
xenografts. Laboratory investigation; a journal of 
technical methods and pathology 89: 91-97 

Sherman LS, Atit R, Rosenbaum T, Cox AD, Ratner 
N (2000) Single cell ras-GTP analysis reveals 
altered ras activity in a subpopulation of 
neurofibroma schwann cells but not fibroblasts [In 
Process Citation]. J Biol Chem 275: 30740-30745 

Stenglein MD, Burns MB, Li M, Lengyel J, Harris 
RS APOBEC3 proteins mediate the clearance of 
foreign DNA from human cells. Nature structural & 
molecular biology 17: 222-229 

Stephens PJ, Greenman CD, Fu B, Yang F, Bignell 
GR, Mudie LJ, Pleasance ED, Lau KW, Beare D, 
Stebbings LA et al Massive genomic rearrangement 
acquired in a single catastrophic event during cancer 
development. Cell 144: 27-40 

Taylor BJ, Nik-Zainal S, Wu YL, Stebbings LA, 
Raine K, Campbell PJ, Rada C, Stratton MR, 
Neuberger MS DNA deaminases induce break-
associated mutation showers with implication of 
APOBEC3B and 3A in breast cancer kataegis. eLife 
2: e00534 

Tentler JJ, Tan AC, Weekes CD, Jimeno A, Leong 
S, Pitts TM, Arcaroli JJ, Messersmith WA, Eckhardt 
SG Patient-derived tumour xenografts as models for 
oncology drug development. Nat Rev Clin Oncol 9:
338-350 

Van Loo P, Nordgard SH, Lingjaerde OC, Russnes 
HG, Rye IH, Sun W, Weigman VJ, Marynen P, 
Zetterberg A, Naume B et al (2010) Allele-specific 
copy number analysis of tumors. Proceedings of the 
National Academy of Sciences of the United States 
of America 107: 16910-16915 

Vogel KS, Klesse LJ, Velasco-Miguel S, Meyers K, 
Rushing EJ, Parada LF (1999) Mouse tumor model 
for neurofibromatosis type 1. Science 286: 2176-
2179 

Watson IR, Takahashi K, Futreal PA, Chin L 
Emerging patterns of somatic mutations in cancer. 
Nat Rev Genet 14: 703-718 



�

�
�

Wong WW, Hirose T, Scheithauer BW, Schild SE, 
Gunderson LL (1998) Malignant peripheral nerve 
sheath tumor: analysis of treatment outcome. 
International journal of radiation oncology, biology, 
physics 42: 351-360 

Wu J, Dombi E, Jousma E, Scott Dunn R, Lindquist 
D, Schnell BM, Kim MO, Kim A, Widemann BC, 
Cripe TP et al Preclincial testing of sorafenib and 
RAD001 in the Nf(flox/flox) ;DhhCre mouse model 
of plexiform neurofibroma using magnetic 
resonance imaging. Pediatr Blood Cancer 58: 173-
180 

Xu Y, Silver DF, Yang NP, Oflazoglu E, Hempling 
RE, Piver MS, Repasky EA (1999) Characterization 

of human ovarian carcinomas in a SCID mouse 
model. Gynecologic oncology 72: 161-170 

Zhang CZ, Leibowitz ML, Pellman D 
Chromothripsis and beyond: rapid genome evolution 
from complex chromosomal rearrangements. Genes 
& development 27: 2513-2530 

Zou CY, Smith KD, Zhu QS, Liu J, McCutcheon IE, 
Slopis JM, Meric-Bernstam F, Peng Z, Bornmann 
WG, Mills GB et al (2009) Dual targeting of AKT 
and  mammalian target of rapamycin: A potential 
therapeutic approach for malignant peripheral nerve 
sheath tumor. Mol Cancer Ther 8: 1157-1168�

�

�

�









�

�

FIGURE LEGENDS 




Figure 1. Development of orthoxenograft mouse models of MPNSTs

Five orthotopic xenograft mice models were established from different MPNSTs and one cell line. 
Two of the MPNSTs come from the same NF1 patient, two are sporadic cases. 2-3 mm3 of the 
primary tumor and the tumor cell line (3x106 cells) were grafted or injected in the leg of athymic 
nude mice, close to the sciatic nerve. Tumors were perpetuated along several passages and 
subsequently expanded. Several assays were performed on tumors in early passages 
(histopathological analysis, gene expression profiling, genomic profiling and drug efficacy studies).

*NF1-MPNST-001 at passage 4 and all primary tumors (PT) and orthotopic tumors (OT) at passage 
1 were analysed by exome sequencing and immunohistochemistry. All primary tumors and 
orthotopic tumors at passages 1 and 4 were analysed by expression array (except NF1-MPNST-001 
PT, SP-MPNST-001 OT P4 and NF1-S462 OT P4). 
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Figure 2. Orthoxenograft mouse MPNST models closely resemble primary tumors 

A. Orthotopic MPNST xenografts at passages 1 (OT P1) and 4 (OT P4) are histopathologically 
similar to their corresponding primary MPNST (PT) in hematoxylin-eosin staining of paraffin 
sections from patients MPNST-NF1-001 and MPNST-SP-002. Main panels show a general vision 
of tumors at low magnification (40x), inset pictures were taken at higher magnification (400x).  
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B. Orthotopic xenograft and primary MPNSTs exhibit similar immunohistochemical features. A 
representative immunostained section of vimentin, CD34, S100 and Ki-67 is shown for primary 
tumors (PT) and orthotopic tumors (OT) from patients MPNST-NF1-001 and MPNST-SP-002. 
Positive antibody signals are shown in brown, and the hematoxylin counterstain in blue. Main 
panels show a general vision of tumors at low magnification (40x), inset pictures were taken at 
higher magnification (400x). 































Figure 3. Human stroma is lost after engraftment and replaced by murine cells  

A. SNP array of primary tumor (PT) and orthotopic xenograft at passage 4 (OT P4) from MNPSNT-
NF1-001 tumor. Results correspond to chromosome 17. Images contain the allele frequency, bottom 
line represents the copy number. 2n are shown in grey, gains in orange, losses in green and LOH is 
represented by a blue line.  

B. Sanger sequencing of the germline NF1 mutation c.350T>A present in the patient carrying two 
different tumors (MPNST-NF1-001 and MPNST-NF1-002). Sequencing resultsfrom normal tissue, 
primary tumor (PT) and orthotopic xenograft tumors (OT) are shown.  

C. Stromal elements of the primary tumors are labeled with anti-human CD34 but not anti-mouse 
CD34; patient-derived xenografts are labeled with anti-mouse CD34 only and no anti-human 
marker. Representative sections (at 40x and 400x magnification) of the primary tumors (PT) and the 
orthoxenograft tumors at passages 1 (OT P1) and 4 (OT P4) were labeled with anti-human CD34 
(H) and anti-mouse CD34 (M).
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Figure 4. Orthotopic xenograft MPNST maintain the genomic structure found in primary 
tumors


Genome-wide SNP array profiling from two different orthoxenograft tumors derived from the same 
primary tumor (MPNST-NF1-001) are showed as Circos plots. The outermost layer contains the set 
of human autosomal chromosomes. The following layers, from outside to inside, illustrate: the BAF 
of the primary tumor (A), and the derived xenografts at passages 1 (B and C) and 4 (D and E). Copy 
number variations are represented by a colored line under each BAF (Grey = 2n, Red = >2n 
(chromosomal gain); Green = <2n (chromosomal loss). LOH events are shown in blue. Finally, 
differences between primary and xenograft tumors not compatible with the loss of signal from 
stroma cells are highlighted in orange. 
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Figure 5. Exome sequencing analysis 

Number of somatic point mutations identified in primary tumors and new mutations acquired in the 
orthoxenograft models in PRS-WCR.Somatic mutations found in primary tumors in sporadic cases 
were maintained in the orthoxenograft-derived tumors, whereas few acquired mutations were 
observed in all NF1-derived models.
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Figure 6. Gene expression profiles between primary and orthotopic xenograft MPNSTs are similar

A. Heat map showing the correlations between expression levels of genes in the molecular signature of MPNSTs.  

B. Hierarchical clustering of tumors and xenografts groups together all primary tumors with their derived orthoxenografts. Moreover, sporadic tumors and NF1-related tumors 
form two different clusters.  

C. PCA of genes in the molecular signature of MPNSTs. All primary-xenograft pairs cluster together. The first component differentiates between sporadic and NF1-related 
tumors and the second component differentiates primary tumors (and derived orthoxenografts) from the cell line (and the derived orthoxenograft).
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Figure 7. Pre-clinical orthoxenograft MPNST models to test drug treatment regimens 

Tumor growth effects of treatment with doxorubicin, sorafenib, rapamycin and combinations thereof in the five 
MPNST xenograft models. Results are plotted as an average of the log2 ratio of tumor volume at different days 
relative to the initial value. Statistically significant differences are shown as *, P< 0.05 and **, P< 0.001 versus 
control group by the Bonferroni test.
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Figure 8. Sporadic versus NF1-associated orthoxenograft mouse MPNST models 

A. Remarkable genetic differences were identified between sporadic MPNSTs and those arising in an NF1 context. The Circos plot shows the BAF data corresponding to 
orthoxenograft passage 1 derived from the four primary tumors and the somatic mutations in All-WCR as red dots. From outermost to innermost: MPNST-NF1-001 (A), 
MPNST-NF1-002 (B), MPNST-SP-001 (C) and MPNST-SP-002 (D). 

B. Orthotopic xenograft MPNST derived from cell line S462 showed a number of differences in genomic alterations when compared to the S462 cell line itself. The outermost 
layer shows the full set of human autosomal chromosomes. The next layers, from outside to inside, show the BAF of the primary tumor (A), and its derived xenograft at 
passages 1 (B) and 4 (C). Copy number variations are represented by a colored line under each BAF (Grey = 2n, Red = >2n (chromosomal gain); Green = <2n (chromosomal 
loss). LOH events are shown in blue. Pink highlights mark the differences between cell line and xenografts compatible with a selection process, while orange highlights mark 
the regions not compatible with a selection process.  

Table I. Clinical characteristics of patients and tumors used to generate the xenograft models 
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Tumor ID Age Sex NF1 patient Germline NF1 MPNST Tumor grade Location Somatic NF1

MPNST-NF1-001 34 M Yes c.350T>A Primary IV Thigh LOH

MPNST-NF1-002 37 M Yes c.350T>A Primary III Arm LOH

MPNST-SP-001 88 M No - Primary IV Laterocervical c.3520 C>T 

MPSNT-SP-002 74 F No - Relapse IV Arm - 

MPNST-NF1-S462 19 F Yes c.6792C>A Cell line IV Thigh LOH 
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Table II. Immunohistochemical characterization of human tumors and their first derived xenograft mouse models. 

PT = Primary tumor; OT = Orthotopic tumor; CL = Cell line 

MPNST-NF1-001 MPNST-NF1-002 MPNST-SP-001 MPNST-SP-002 MPSNT-NF1-S462

Antibody PT OT PT OT PT OT PT OT CL OT

Vimentin + + + + + + + + + +

Desmin - - - - - - - - - -

Actin - - - - - - - - (+ focal) - - (+ focal)

EMA - - - - - - - - - -

CD34 + + - - (+ focal) - - - - + +

S100 - - - - + + + +/- - -

P53 15% 15% <5% 20% <5% <5% 20% <5% 80% 80%

Ki 67 25% 25% 25-30% 35% 35-40% 20% 25-30% 25-30% 90-95% 80%
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Figure S1. Orthoxenograft mouse MPNST models closely resemble primary tumors

A. Orthotopic MPNST xenografts at passages 1 (OT P1) and 4 (OT P4) are histopathologically 
similar to their corresponding primary MPNST (PT) in hematoxylin-eosin staining of paraffin 
sections. Main panels show a general vision of tumors at low magnification (40x), inset pictures 
were taken at higher magnification (400x).  

B. Orthotopic xenograft and primary MPNST exhibit similar immunohistochemical features. A 
representative immunostained section of vimentin, CD34, S100 and p53 is shown from primary 
tumors (PT), cell line S462 (CL) and orthotopic tumors (OT) corresponding to patients MPNST-
NF1-001, MPNST-SP-001 and MPNST-NF1-S462. Positive antibody signals are shown in brown, 
and the hematoxylin counterstain in blue. Main panels show a general vision of tumors at low 
magnification (40x), inset pictures were taken at higher magnification (400x). 

�

Figure S2. Distal dissemination of primary MPNST tumors 

Orthoxenografts of MPNST also reproduce distal dissemination properties of primary MPNST 
tumors. Orthotopically implanted tumor mice (upper panel) were removed by surgery and extensible 
analyzed by hematoxylin and eosin (midlle panel) for the presence micrometastases. Few small lung 
synchronic micrometastasis were identified in one of the orthoxenografts tumors (lower panel). 
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Figure S3. Human stroma is lost after engraftment and replaced by murine cells  

Stromal elements of the primary tumors are labeled with anti-human CD34 but not with anti-mouse 
CD34; patient-derived xenograft is labeled with anti-mouse CD34 only and no anti-human marker. 
Two representative sections (at 40x and 400x magnification) of the primary tumors (PT) and the 
orthoxenograft tumors at passages 1 (OT P1) and 4 (OT P4) were labeled with both anti-human 
CD34 (H) and anti-mouse CD34 (M).
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Figure S4. Orthotopic xenograft MPNST maintain genomic alterations found in primary 
tumors 

Genome-wide SNP array profiling of MPNST-NF1-001, MPNST-NF1-002, MPNST-SP-001 and 
MPNST-SP-002 are shown as Circos plots. The outer layer illustrates the full set of autosomal 
human chromosomes; the following layers, from outside to inside, illustrate the allele frequency of 
the primary tumor (A), and the derived xenografts at passages 1 (B) and 4 (C). Copy number 
variations are represented by a colored line under each allele frequency (Grey = 2n, Red = >2n 
(chromosomal gain); Green = <2n (chromosomal loss). LOH events are shown in blue. Finally, 
changes not conserved between primary and xenograft tumors are marked in orange.�
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Figure S5. Mutational signatures of the primary tumors 

A. Number of somatic variants in All-WCR (regions over 20x in all samples) of the four primary MPNSTs. 

B. Base substitution for all somatic mismatch variants in PRS-WCR (regions over 20x in all samples related to a primary).  

C. Genomic sequence context of all C>T substitutions in the PRS-WCR of the sporadic MPNSTs. 
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Table SI. Mutations probably related to doxorubicin resistance 

Gene Mutation DNA 
level 

Mutation 
Protein level 

Tumor sample 

ABCB5 c.43C>T p.Gln15* MPNST-SP-002 

ABCB5 c.37A>T p.Asn13Tyr MPNST-SP-002 

ABCB5 c.643C>T p.Pro215Ser MPNST-SP-001 

ASNS c.611-1G>A - MPNST-SP-002 
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ABSTRACT:
Malignant peripheral nerve sheath tumours (MPNST) are rare, hereditary cancers 
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they often resist chemotherapies and have high rates of disease recurrence. Aurora 
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termed MLN8237, shows promise against MPNST cell lines in vitro and in vivo. Here, 
we test MLN8237 against two primary human MPNST grown in vivo as xenotransplants 
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AURKA depends upon the activity of the kinase, which correlates with 
the expression of the regulatory gene products TPX2 and HMMR/RHAMM. Silencing of 
HMMR/RHAMM, but not TPX2, augments AURKA activity and sensitizes MPNST cells to 
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reduces the formation of spheroids, attenuates the self-renewal of spheroid forming 
�����*
�
	
��������
�����
	�����
������
�
��������*
����
��
'
�-
HMMR/RHAMM is 
��0���
�
��
�
	��
�����
�����
����
�

�������
��
-���
�
	
���
���

������
��������


Collectively, our data indicate that AURKA is a rationale therapeutic target for MPNST 
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the abundance of HMMR/RHAMM.
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RESULTS

Aurora kinase inhibition is an encouraging 
preclinical treatment for human MPNST
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Figure 1: MLN8237 is effective against primary MPNSTs grown as xenotransplants in vivo A. }���
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Figure 2: Inhibition of AURKA attenuates the growth of MPNST cell-lines in vitro. A.���������
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Immortalized MPNST cell-lines differ in their 
sensitivity to aurora kinase inhibitors (AKI)
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Figure 3: Gene dose alterations in TPX2 and RHAMM account for the differential AURKA activity in MPNST cell-
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Genomic imbalances in HMMR/RHAMM and 
TPX2 regulate AURKA activity and the sensitivity 
of MPNST cells to AKIs
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Figure 5: AKI treatment results in growth arrest, apoptosis, polyploidy and cellular senescence in MPNST cell lines. 
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MLN8237 induces the differentiation of MPNST
cancer stem-like cells
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Figure 6: Inhibition of AURKA by MLN8237 limits self-renewal and induces neuronal differentiation of MPNST
tumour initiating cells in vitro. A. }����
����$$��������_�������������
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MATERIALS AND METHODS 

In vivo animal models 
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Adherent culture and culture as spheres 
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siRNA and small molecule reagents
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Lentivirus mediated shRNA knockdown and 
generation of sub-lines
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immunoblot analyses 
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Genomic and reverse-transcriptase PCR and real-
time PCR
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Array comparative genomic hybridization 
(a-CGH)
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Cell based assays
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Genomic imbalance of HMMR/RHAMM regulates the sensitivity and response of malignant 

peripheral nerve sheath tumour cells to aurora kinase inhibition.

Supplemental Material 

Table S1: PCR conditions, primers, shRNA and siRNA in MPNST cell lines. 

Genomic DNA targeted primers span intro-exon boundaries. 

Gene Target Region Primer pair

HMMR Genomic Intron 9-Exon 

10

5’ GCTGAAAGGCTGGTCAAGC 3’ 
5’CCAACCTAACACGCTCACAT 3’

5 cycles at 95oC for 5 minutes, 60oC for 60s and 
72oC for 60s, and 35 cycles at 95oC for 60s, 60oC
for 30s and 72oC for 30s (for all qPCRs)

Message Exon 9-Exon 10 5’ TGTGCTTCAGATCAAGTGG 3’ 
5’ CGTTGTGTTCTCTATTCCTG 3’

95oC for 60s, 60oC for 30s and 72oC for 30s for 
35 cycles (for all qRT-PCRs) 

TPX2 Genomic Exon 1-Intron 2 5’ AAACCACAGGTAAGGCAGTGAC 3’
5’ TCACCCACTATCCCACCTCT 3’

Message Exon 5 5’ AGCCTTTCAACCTGTCCCAAGGA 3’
5’ AGACAGGGTCTTGCTCCGTCA 3’

RHAMM shRNA 5’ CGTCTCCTCTATGAAGAACTA 3’
5’ GCCAACTCAAATCGGAAGTAT 3’

TPX2 shRNA 5’ CCGAGCCTATTGGCTTTGATT 3’

AURKA siRNA 5’TCCCAGCGCATTCCTTTGCAA 3’
5’ CAGGGCTGCCATATAACCTGA 3’
5’ CACGTGCTCTACCTCCATTTA 3’
5’ CACCTTCGGCATCCTAATATT 3’



Supplementary Figure Legends

Supplementary Figure 1: Aurora kinase inhibitors are effective in decreasing kinase 

activity. A. S462 cells were treated with 1x (100 nM) and 10x IC-50 (1000nM) doses of 

MLN8237 and VX680 inhibitors. Immunoblot analysis shows that inhibition of the kinase 

reduced the levels of p-RHAMM in a dose-dependent manner after 3 hours, while overall levels 

of Aurora A and RHAMM remain stable with treatment.��-actin serves as a loading control.  B.

VX680- treated HeLa cells also have reduced levels of the active kinase (p-Aurora (Thr288)) and 

two substrates (p-RHAMM (Thr703) and p-Histone H3(Ser10)) as detected by 

immunofluorescence. Scale bars ������������´	��C. MTT assays indicate different IC-50s for the 

three different inhibitors, with MLN8237and VX680 being the most potent while a commercially 

available inhibitor, termed C1368, is less potent. MPNST cells were treated with increasing 

doses of AKIs and cell viability was measured after 72 hours. Error bars = SEM, n=3. 

Supplementary Figure 2: Comparative genomic hybridization (CGH) in MPNST cell lines 

show amplifications in AURKA. A. CGH of the entire genome of the MPNST cell lines 2885, 

2884 and S462. B. CGH of the AURKA locus highlighting the amplification of this region in both 

the S462 and 2884 cell lines but not the 2885 line. 

Supplementary Figure 3: Growth kinetics and the effect of VX680 on shTPX2, shR1 and 

shR2 lines. A. S462 cells with shRNA mediated silencing of TPX2 have similar proliferation 

rates to their non-hairpin (NHP) controls. Cell viability was measured by MTT assays at 24, 48, 

72 and 96 hours and normalized to Day 1. Error bars = SD. B. IC-50s of VX680 treatment on 



shTPX2 and NHP S462 cells. Cell viability was measured after 72 hours of VX680 treatment at 

various concentrations by MTT assays. Error bars = SD, n=3. C. Growth kinetics of shR1, shR2 

and NHP transfected 2884 cells were not significantly different. Cell viability was measured by 

MTT assays at 24, 48, 72 and 96 hours and normalized to Day 1. Error bars = SD. D. IC-50s of 

VX680 treatment on shR1, shR2 and NHP 2884 cells. Cell viability was measured after 72 hours 

of VX680 treatment at various concentrations by MTT assays, p value <0.05, error bars = SD, 

n=3.
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