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Abstract
Malignant peripheral nerve sheath tumors (MPNST) are aggressive soft tissue sarcomas with poor prognosis, developing
either sporadically or in persons with neurofibromatosis type 1 (NF1). Loss of CDKN2A/B is an important early event in
MPNST progression. However, many reported MPNSTs exhibit partial or no inactivation of CDKN2A/B, raising the question
of whether there is more than one molecular path for MPNST initiation. We present here a comprehensive genomic analysis
of MPNST cell lines and tumors to explore in depth the status of CDKN2A. After accounting for CDKN2A deletions and
point mutations, we uncovered a previously unnoticed high frequency of chromosomal translocations involving CDKN2A in
both MPNST cell lines and primary tumors. Most identified translocation breakpoints were validated by PCR amplification
and Sanger sequencing. Many breakpoints clustered in an intronic 500 bp hotspot region adjacent to CDKN2A exon 2. We
demonstrate the bi-allelic inactivation of CDKN2A in all tumors (n = 15) and cell lines (n = 8) analyzed, supporting a single
molecular path for MPNST initiation in both sporadic and NF1-related MPNSTs. This general CDKN2A inactivation in
MPNSTs has implications for MPNST diagnostics and treatment. Our findings might be relevant for other tumor types with
high frequencies of CDKN2A inactivation.
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Introduction
Malignant peripheral nerve sheath tumors (MPNSTs) are
rare malignancies with a peripheral nerve sheath origin.
MPNSTs account for 3–10% of all soft tissue sarcomas,
being a highly aggressive histological subtype. Approximately half of MPNSTs develop in patients with neurofibromatosis type 1 (NF1) while the other half develop
sporadically (Evans 2002; Ferner and Gutmann 2002).
The incidence in the general population is 1 per 100,000
(Ducatman et al. 1986; Evans 2002; Carli et al. 2005)
and the lifetime risk of an NF1 individual to develop an
MPNST is 10–15% (Evans 2002; Uusitalo et al. 2016).
Due to its aggressiveness and metastatic potential,
MPNSTs constitute a leading cause of death in NF1 (Evans
2002; Ferner and Gutmann 2002; Carli et al. 2005). Like
many soft tissue sarcomas, complete resection with wide
margins is essential in MPNST therapy, followed by radiation and/or chemotherapy (Porter et al. 2009; Moretti et al.
2011), although standard sarcoma chemotherapy regimens
offer limited clinical benefits (Wong et al. 1998).
The diagnosis of MPNSTs can be challenging, especially outside of the NF1 context, since MPNSTs are rare
and specific histological criteria have not been completely
established (Rodriguez et al. 2012; Le Guellec et al. 2016).
In the context of NF1, a common path of MPNST progression is the development of a nodular atypical neurofibroma (aNF) from a pre-existing plexiform neurofibroma
(pNF). aNFs are considered premalignant lesions at risk
of progression (Beert et al. 2011; Higham et al. 2018). The
boundaries for distinguishing a benign pNF from an aNF,
and aNF from a low-grade MPNST, are blurry (Beert et al.
2011; Rodriguez et al. 2012; Miettinen et al. 2017). In
addition to the loss of NF1 necessary for pNF formation,
aNFs also bear the loss of the CDKN2A/B locus (Beert
et al. 2011; Röhrich et al. 2016; Carrió et al. 2018; Pemov
et al. 2019), although aNF heterogeneity might compromise their detection. In fact, a work studying intra-aNF
heterogeneity found distinct histological degrees of atypia
and cellularity in the same discrete aNF nodular lesion,
correlating with the heterozygous or homozygous inactivation state of CDKN2A (Carrió et al. 2018). In mouse
models, the loss of NF1 and CDKN2A has been demonstrated to be sufficient to generate an aNF and to predispose to MPNST formation (Rhodes et al. 2019; Chaney
et al. 2020).
MPNSTs contain hyperploid and highly rearranged
genomes with a low mutation burden (Lee et al. 2014;
Brohl et al. 2017; Sohier et al. 2017; Abeshouse et al.
2017). In addition to NF1 and CDKN2A/B, MPNSTs frequently lose components of the polycomb repressive complex 2 (PRC2) (SUZ12 and EED), involved in chromatin
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remodeling (De Raedt et al. 2014; Zhang et al. 2014; Lee
et al. 2014; Cleven et al. 2016; Schaefer et al. 2016; PrietoGranada et al. 2016). In the pNF-aNF-MPNST progression, NF1 and CDKN2A losses are early events predisposing to MPNST genesis. However, different genomic
analyses of MPNSTs evidenced the loss of the CDKN2A/B
locus in at most 70–80% of MPNST analyzed (Beert et al.
2011; Lee et al. 2014; Röhrich et al. 2016; Lemberg et al.
2020) raising the question of whether there is more than
one molecular path for initiating MPNST. There seems
to be a constrained order in the acquisition of molecular
alterations since pNF only have alterations in NF1, aNFs
in NF1 and CDKN2A and MPNSTs in these two genes plus
in PRC2 genes, among other alterations.
CDKN2A is one of the most commonly inactivated
tumor suppressor genes in cancer (Kim and Sharpless
2006; Hamid and Petreaca 2019), although inactivation
of CDKN2A due to chromosomal translocation is not commonly reported (Hamid and Petreaca 2019). This locus
encodes for two proteins p 16INK4 and p 14ARF that regulate
two main tumor suppressor pathways, p16/CDK4-6/Rb
and p14/MDM2/p53, controlling processes like cell division and senescence, especially in tissue stem cells (Gil
and Peters 2006). Loss of CDKN2A leads to the higher
activation of cyclin-dependent kinases CDK4/6, the hyperphosphorylation of retinoblastoma and the induction of S
phase, promoting cell division. Different CDK4/6 inhibitors exist (Palbociclib, Abemaciclib, Ribociclib) currently
used in clinical trials for distinct types of tumors and in
pre-clinical combination treatments, for instance with
MEK inhibitors (Wagner and Gil 2020).
The existence of MPNSTs with and without total inactivation of CDKN2A, and its potential implications for molecular-driven diagnostics and therapy, prompted us to perform
an exhaustive analysis of the CDKN2A locus in a wide range
of MPNST cell lines and primary tumors, using different
types of genomic analyses.

Materials/subjects and methods
Samples
We analyzed 8 MPNST cell lines, 5 from NF1 patients—
ST88-14 (RRID:CVCL_8916), S462 (RRID:CVCL_1Y70),
sNF96.2
(RRID:CVCL_K281),
NMS-2
(RRID:CVCL_4662), 90-8TL (RRID:CVCL_1B47)—and
3 of sporadic origin—HS-Sch-2 (RRID:CVCL_8718),
H S - P S S ( R R I D : C VC L _ 8 7 1 7 ) a n d ST S - 2 6 T
(RRID:CVCL_8917)—and 15 primary MPNSTs, 8 sporadic
and 7 from NF1 patients. All patients that provided samples
for the study gave their written informed consent.
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Tumor processing, DNA and RNA extraction
Tumors were processed and preserved as described
elsewhere(Castellsagué et al. 2015; Fernández-Rodríguez
et al. 2020) DNA from MPNSTs was extracted using the
Gentra Puregene Core Kit A (Qiagen, Hilden, Germany,
Cat No. 153667) following the manufacturer’s instructions
after homogenization using Tissue Lyser (Qiagen, Hilden,
Germany). DNA from MPNST cell lines was extracted
also using the Gentra Puregene Core Kit A (Qiagen,
Hilden, Germany, Cat No. 153667). RNA was extracted
using Tripure Isolation Reagent (Roche, Basel, Switzerland, Cat No. 11667157001) according to the manufacturer’s instructions. In all cases, the purity and quality of
DNA and RNA were assessed using a Nanodrop spectrophotometer, Qubit fluorometer and gel electrophoresis
analysis.

SNP‑array analysis
SNP-array analysis was performed in 8 MPNST cell
lines and 13 primary MPNSTs using Illumina BeadChips
(Human660W-Quad, OmniExpress v1.0 and OmniExpress
1.2) at the IGTP High Content Genomics Core Facility. Raw
data were processed with Illumina Genome Studio to extract
B allele frequency (BAF) and log R ratio (LRR). We used
GAP (Popova et al. 2009) to perform copy-number calling.

reads were mapped against the GRCh38 genome and Gencode
transcriptome using STAR (Dobin et al. 2013).

Whole‑genome sequencing
Whole-genome sequencing (WGS) libraries of 2 MPNST
cell lines and 9 primary MPSNTs were prepared following
standard DNBseq protocols, sequenced in a BGISEQ-500 to
a median of 881 million 150 bp paired-end reads per sample
and mapped with bwa mem against GRCh38. Small variants
were called and evaluated as in WES.
We called copy-number alterations using CNVkit (Talevich
et al. 2016) with the recommended settings for WGS data with
no matched normal pair (flat reference, difficult region blacklist (https://github.com/Boyle-Lab/Blacklist/blob/master/lists/
hg38-blacklist.v2.bed.gz), -no-edge option and 1000 bp bins).
To obtain the exact copy number profile of each sample we
used the threshold method with sample-specific thresholds
defined taking into account sample purity computed from lossof-heterozygosity (LOH) regions in SNP-array data.
We used two structural variant (SV) callers: LUMPY
(Layer et al. 2014) via smoove (https://github.com/brentp/
smoove) with parameters for small-cohorts and excluding
the problematic regions defined in https://github.com/hall-
lab/speedseq/blob/master/annotations/exclude.cnvnator_
100bp.GRCh38.20170403.bed and MANTA (Chen et al.
2016) with parameters for tumor-only analysis. Only SV
break-ends called by both tools were deemed valid.

Visualization
Whole‑exome sequencing
The exome of 8 MPNST cell lines was captured using Agilent SureSelect Human All Exon V5 kit (Agilent, Santa
Clara, CA, US) and sequenced in a HiSeq instrument (Illumina, San Diego, CA, US) at Centro Nacional de Analisis
Genomicos (CNAG, Barcelona, Spain) to a median of 165.5
million 100 bp paired-end reads per sample. Sequencing
reads were then mapped with bwa mem (Li 2013) against
GRCh38. We called variants with strelka2 (Kim et al. 2018)
and annotated them with annovar (Wang et al. 2010). Pathogenicity of selected CDKN2A and NF1 variants was evaluated using Ensembl’s Variant Effect Predictor (VEP).

Whole‑Transcriptome sequencing
RNA-seq libraries (TruSeq stranded total RNA, Illumina) of
2 MPNST cell lines (ST88-14, S462) were produced by the
IGTP High Content Genomics Core Facility and sequenced in
an Illumina HiSeq3000 instrument at CNAG to a median of
74.5 million 150 bp paired-end reads per sample. Sequencing

Visual inspection of NGS data was performed in the Integrative Genomics Viewer (IGV). Genomic plots were created
using karyoploteR (Gel and Serra 2017) and CopyNumberPlots (Gel and Magallón‐Lorenz 2019) R packages and
circular genome representations with Circos (Connors et al.
2009).

Breakpoint validation
Inter-chromosomal rearrangements detected by LUMPY and
MANTA in CDKN2A were validated by PCR and Sanger
sequencing. The PCR primers designed flanking CDKN2A/B
breakpoints, annealing temperatures used and amplicon
lengths are summarized in Supp Table 3.

Results
CDKN2A inactivation in MPNST cell lines
CDKN2A is one of the most commonly inactivated tumor
suppressor genes in cancer (Kim and Sharpless 2006; Hamid
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and Petreaca 2019) and a key player in MPNST-genesis
(Beert et al. 2011). To investigate the status of CDKN2A
in MPNSTs we analyzed 8 established MPNST cell lines,
including 5 NF1-associated and 3 of sporadic origin. We first
performed SNP-array and whole-exome sequencing (WES)
on all of them to identify those with only one CDKN2A
allele inactivated or with no apparent alteration of CDKN2A.
Copy-number calling on SNP-array data showed homozygous deletions affecting the CDKN2A/B locus in 3 cell lines
(90–8-TL, sNF96.2, HS-PSS) (Fig. 1A, B). 90–8-TL and

sNF96.2 presented a single deletion combined with the lossof-heterozygosity (LOH) of the whole chromosome arm,
while HS-PSS presented two independent overlapping deletions. Two other cell lines showed heterozygous deletions
(NMS-2, S462). WES data showed a homozygous damaging
missense variant in STS-26 T affecting CDKN2A exon 2
(Fig. 1B; Supp. Table 1; Supp. Fig. 1). Thus, after accounting for deletions and point mutations, in four out of eight cell
lines (ST88-14, HS-Sch-2, NMS-2, S462) at least one copy
of CDKN2A remained apparently intact.

A

B

C

Fig. 1  Status of the CDKN2A/B genomic region in MPNST cell lines.
A SNP-array raw data of the whole chromosome 9 of 8 MPNST cell
lines: B-allele frequency (BAF), Log R-ratio (LRR), copy-number
alterations (colored regions) and loss-of-heterozygosity (LOH, blue
line) are shown. B Closer view of the CDKN2A/B region showing
LRR (grey area), copy-number alterations and LOH (colored regions
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and blue line) from SNP-array analysis; and translocation breakpoints
(red triangles and black vertical lines) and point mutations (blue dots)
from WES and RNA-seq analysis. C Validation by PCR and Sanger
sequencing of three translocation breakpoints identified on WES and
RNA-seq data
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Unexpectedly, further careful visual inspection of WES
data revealed the presence of a cluster of soft-clipped
reads, reads with ends that are unmappable to the reference
sequence, in an intronic region adjacent to CDKN2A exon 2
in ST88-14, HS-Sch-2 and NMS-2 cell lines (Supp. Fig. 2).
In each cell line, soft-clipped reads had their mates in a different chromosome (Supp. Fig. 2), indicating potential translocation events with different partners. For HS-Sch-2 and
NMS-2 cell lines, all reads spanning the potential translocation breakpoint were soft-clipped, indicating a homozygous
event consistent with the LOH identified by SNP-array. We
validated two of the three identified translocation breakpoints by PCR amplification and Sanger sequencing (HSSch-2, NMS-2) (Fig. 1C). For the ST88-14 cell line, the
breakpoint was localized to a highly repetitive region hindering its PCR amplification.
At this point, we had detected the bi-allelic inactivation of
CDKN2A in all cell lines but two, S462 and ST88-14, where
only partial inactivation of CDKN2A was detected. For these
two cell lines, we performed RNA-seq analysis. ST88-14
presented an altered coverage pattern, but we were not able
to identify any structural variant breakpoint. Visual inspection of S462 RNA-seq data of this locus revealed an accumulation of soft-clipped reads with their mate in a different
chromosome, pointing again to a translocation event in the
same intronic region, although further inside the intron and
thus not covered by WES reads (Supp. Fig. 3). We used
PCR and Sanger sequencing to validate the translocation
(Fig. 1C).
To obtain further evidence of the complete inactivation
of the locus, we designed PCR primers flanking the region
containing all translocation breakpoints identified and tested
all 8 cell lines. None of the samples showed an amplification signal, except the STS-26 T cell line, the one bearing a
CDKN2A point mutation in homozygosity (Supp. Fig. 4B).
This result prompted us to further analyze the ST88-14
and S462 cell lines by whole genome sequencing (WGS)
to investigate other potential alterations in CDKN2A. WGS
validated the translocations identified in both cell lines
and revealed additional translocations affecting the same
region but farther from the exon boundary, explaining why
WES analysis was not able to identify them. Interestingly,
all translocation breakpoints clustered in a 500 bp intronic
region, representing a translocation hotspot (Supp. Fig. 4A).
In S462 we identified two homozygous translocations separated by a small 177 bp homozygous deletion (Supp. Fig. 5),
one of them sharing the breakpoint with the heterozygous
deletion previously identified (Fig. 1A) in SNP-array, consistent with the whole chromosome LOH observed by SNParray. In ST88-14 we identified two nested heterozygous
deletions flanked by translocation breakpoints disrupting
both alleles (Supp. Fig. 5). The deletions identified by WGS
were small, 87 and177 bp, which is well below the resolution

of SNP-arrays and explains why these deletions were missed
in the first analysis.
Taking together all the mutations identified (deletions,
point mutations and translocations), our analysis confirmed
the bi-allelic inactivation of CDKN2A in all the MPNST cell
lines tested (Table 1).

CDKN2A inactivation in primary MPNSTs
Since results analyzing MPNST cell lines showed the
complete inactivation of the CDKN2A locus in all cases,
we decided to determine if the same was true for primary
MPNSTs. To this end, we performed copy-number calling
on SNP-array data from 13 primary tumors (Fig. 2). We
detected the complete deletion of CDKN2A in seven of
these. Of the remaining six, four showed a copy-number
change within CDKN2A itself, suggesting a potential breakpoint in the gene body, and two showed only copy-neutral
LOH in the CDKN2A region.
To further investigate other alterations affecting
CDKN2A, we selected seven primary MPNSTs for wholegenome sequencing (WGS) (labeled with a star in Fig. 2):
all six MPNSTs with no clear homozygous deletion of the
whole locus, plus one tumor where the locus was deleted
in homozygosis (MPNST-NF-08). We performed WGS of
these 7 primary MPNSTs plus 2 additional tumors for which
we did not have SNP-array data (MPNST-NF-13, MPNSTSP-10), for a total of nine primary MPNST, four sporadic
and five NF1-related.
Copy-number analysis of WGS data identified all deletions involving the CDKN2A/B region identified on SNParray. However, there were differences between the two
technologies. The most important of which was a potential
SNP-array copy-number overestimation in different samples
including the two tumors with CN-LOH in the CDKN2A
region (MPNST-SP-02 and MPNST-SP-08), which contained a heterozygous deletion of the region according to
WGS data. In total, we identified four heterozygous and five
homozygous deletions of the CDKN2A region on WGS data
(Supp. Fig. 6). Structural variant calling identified a large
number of alterations in the CDKN2A/B region (Fig. 3A, B)
including seven translocation breakpoints in four MPNSTs.
In fact, some of the identified focal deletions were caused by
inversions and translocations (e.g. MPNST-NF-09, MPNSTNF-10) (Supp. Document 1). Most CDKN2A breakpoints
(4/7) occurred in the 500-bp translocation hotspot we identified next to CDKN2A exon 2 (Figs. 3B, 4). We performed
a sequence analysis of this region but we were not able to
identify any particular motif or element that could be associated with its susceptibility to break (Supp. Fig. 7). WGS
also facilitated the identification of translocation breakpoints
away from this region (Figs. 3A, B and 4B). We selected at
least one translocation breakpoint located in CDKN2A per
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Table 1  Summary of allelic inactivation of CDKN2A in MPNST and MPNST cell lines
SAMPLE
NF1-associated
Tumor

Sporadic Tumor

NF1-associated Cell line

Sporadic Cell line

MPNST-NF-03
MPNST-NF-04
MPNST-NF-08*
MPNST-NF-09*
MPNST-NF-10*
MPNST-NF-12*
MPNST-NF-13*
MPNST-SP-02*
MPNST-SP-03
MPNST-SP-04*
MPNST-SP-05
MPNST-SP-06
MPNST-SP-07
MPNST-SP-08*
MPNST-SP-10*
ST88-14*
NMS-2
sNF96.2
S462*
90-8TL
STS-26 T
HS-Sch-2
HS-PSS

Allele 1

Allele 2

Inactivation

Deletion
Deletion
Inversion-mediated deletion
Inversion-mediated deletion
Translocation mediated deletion
Translocation-mediated deletion
Translocation-mediated deletion
Deletion
Deletion
Translocation-mediated deletion
Deletion
Deletion
Deletion
Translocation-mediated deletion
Deletion
Translocation-mediated deletion
Translocation
Deletion
Translocation
Deletion
Point mutation
Translocation
Deletion

LOH
LOH
Translocation-mediated deletion
Deletion
Deletion
Translocation-mediated deletion
Deletion
Deletion
LOH
Translocation-mediated deletion
LOH
LOH
LOH
Point mutation
LOH
Translocation-mediated deletion
LOH
LOH
LOH
LOH
LOH
LOH
Deletion

Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete

*Analysis based on WGS data

sample (Fig. 3B) and validated them by PCR and Sanger
sequencing (Fig. 3C). As we observed for MPNST cell lines,
all breakpoints in primary MPNSTs had translocation partners in different chromosomes (Figs. 3C, 4A), indicating no
preference for a translocation partner and suggesting a nondirected random process inactivating CDKN2A.
Finally, one tumor (MPNST-SP-08) had a frameshift deletion of two nucleotides in CDKN2A exon 2 (Supp. Fig. 8).
Like the homozygous point mutation inactivating CDKN2A
in the STS-26 T cell line, this point mutation was in the coding region of CDKN2A exon 2, in a region shared by the two
proteins encoded by this gene, p16INK4 and p14ARF.
WGS results confirmed the bi-allelic inactivation of
CDKN2A in all nine MPNSTs studied (Table 1, Supp.
Table 1 and Supp. Document 1), and considering results
from SNP-array and WGS analyses together, all 15 primary
MPNSTs analyzed bore the complete inactivation of the
CDKN2A tumor suppressor gene (Table 1).
Finally, in the context of NF1 all PNS tumors bear the
double inactivation of NF1 and aNF, the pre-malignant
tumors, bear both NF1 and CDKN2A inactivated, highlighting these two genes as early events in MPNST genesis.
We also analyzed the NF1 region from WGS data on sporadic MPNSTs. This analysis revealed that NF1 was also
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inactivated in most of them (3 out of 4 sequenced sporadic
MPNSTs), including one inactivation caused by a translocation and one by an inversion (Supp. Table 2), and reinforcing
the importance of these two genes as crucial initial events
for an MPNST to form.

Discussion
In the framework of NF1, the progression pNF-aNF-MPNST
is well established as a general path of MPNST initiation,
at the histological level (McCarron and Goldblum 1998;
Miettinen et al. 2017) and because in benign–malignant
progressions, pNF or aNF and MPNST share the same NF1
somatic mutation (Beert et al. 2011; Hirbe et al. 2015).
Advanced aNFs bear the double inactivation of NF1 and
CDKN2A (Carrió et al. 2018). However, not all reported
MPNSTs had CDKN2A totally inactivated, some exhibiting
a heterozygous loss and others no involvement at all (Lee
et al. 2014; Röhrich et al. 2016), opening up the possibility
of MPNST genesis without CDKN2A participation, and its
potential implications for molecular-driven diagnostics and
therapy. In this context, we began a comprehensive analysis

Human Genetics

A

B

Fig. 2  Status of the CDKN2A/B genomic region in primary MPNSTs
based on SNP-array. A SNP-array raw data of the whole chromosome
9 of 15 MPNST primary tumors: B-allele frequency (BAF), Log
R-ratio (LRR), copy-number alterations (colored regions) an loss-

of-heterozygosity (LOH, blue line) are shown. B Closer view of the
CDKN2A/B region with LRR (grey area), copy-number alterations
(colored regions) and LOH (blue line). Samples with a star (★) were
selected for WGS

of CDKN2A, applying different types of genomic analyses,
in a wide range of MPNST cell lines and primary tumors.
To our surprise, after accounting for deletions and point
mutations, we identified, for the first time, a high frequency of chromosomal translocations involving CDKN2A
(Fig. 3), many of them (11 out of 15) located in an intronic
hotspot of 500 bp, close to CDKN2A exon 2. CDKN2A is
one of the most frequently inactivated genes not only in
MPNSTs but also in cancer in general (Kim and Sharpless
2006; Hamid and Petreaca 2019), although chromosomal

translocation has not been commonly reported as an inactivating mechanism (Hamid and Petreaca 2019). In our
case, WGS was key to identify all possible translocations
in the CDKN2A/B region, even those not involving the
hotspot identified. Its limited use in the study of MPNST
genomes (Zhang et al. 2014) may explain why this high
frequency of translocations has been missed. Only a careful examination of sequencing reads and the proximity
of the identified breakpoint hotspot to CDKN2A exon 2
allowed the identification of these translocations from
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Fig. 3  Status of the CDKN2A/B genomic region in primary MPNSTs
based on WGS. A WGS-based copy number analysis of MPNSTs
showing read density (grey area), copy-number alterations (colored
areas), translocation breakpoints (red triangles and black vertical
lines) and point mutations (blue dots). Translocations overlapping the

CDKN2A gene (purple shaded region) are shown only with a red triangle in this general view. B Closer view of the CDKN2A locus. Here
the grey area represents WGS read coverage. C Validation by PCR
and Sanger sequencing of five translocation breakpoints

WES and RNA-seq data. The absence of reported translocations affecting CDKN2A in other tumor types could
indicate a different mechanism of inactivation, a lower
involvement of CDKN2A inactivation, and/or the lack of
sufficient WGS. We think that the higher frequency of
chromosomal translocations affecting CDKN2A identified
may also occur in other tumor types in which CDKN2A
is frequently inactivated (other sarcomas, tumors with a
neural crest related origin, gliomas, …)(Kim and Sharpless 2006; Hamid and Petreaca 2019).

In the context of NF1, CDKN2A inactivation occurs at
the level of aNF before MPNST formation, as a necessary
molecular event for malignant progression from this premalignant state, and conferring MPNST predisposition
(Beert et al. 2011; Rhodes et al. 2019; Chaney et al. 2020).
In fact, some of the identified CDKN2A copy number losses
in aNFs contain its breakpoints within the locus (Carrió
et al. 2018; Pemov et al. 2019), suggesting a translocation
event. Our results strongly support that loss of CDKN2A
is also a necessary step for sporadic MPNST formation. In
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Fig. 4  Summary of translocation breakpoints in CDKN2A
identified in MPNST tumors
and cell lines. A Circos plot
showing all 15 translocation
breakpoint detected in CDKN2A
and their translocation partners.
On this broad view, only 11
lines are visible due to overlaps.
B Closer view of the CDKN2A
locus containing all 15 translocation events. C Zoom into the
translocation hotspot (shaded in
gray) next to CDKN2A exon 2
containing 11 of the breakpoints

fact, we also identified the inactivation of the NF1 gene in
three out of four sporadic MPNST sequenced, in line with
previous reports (Lee et al. 2014). However, knowledge
from the NF1 condition points to a view of MPNST genesis as a constrained ordered sequence of genetic events.
For instance, PRC2 is never altered in aNF (Beert et al.
2011; Röhrich et al. 2016; Carrió et al. 2018; Pemov et al.
2019), contrasting with MPNSTs in which it is one of the
most frequently lost loci (De Raedt et al. 2014; Zhang et al.
2014; Lee et al. 2014; Cleven et al. 2016; Schaefer et al.
2016; Prieto-Granada et al. 2016). In addition, NF1 patients
bearing microdeletions involving NF1 and SUZ12 genes,
develop a high number of cutaneous neurofibromas, never
progressing towards MPNST and never exhibiting LOH as

a somatic inactivating mechanism (De Raedt et al. 2006;
Maertens et al. 2006), as if a double inactivation of NF1 and
PRC2 was not viable without losing CDKN2A first.
The high number of translocations detected in the
CDKN2A/B locus (some MPNSTs presented up to four
translocations in the region) indicates a high instability of
this complex locus in the cell originating an MPNST. We
are not sure whether other coding or non-coding elements
of the CDKN2A/B region might be involved in MPNST formation. The fact that most alterations are caused by large
deletions or translocations and few by point mutations in
CDKN2A, favors the view of a multiple functional impact
of these alterations. On the other hand, the identification
of point mutations altering only p 16INK4 and p 14ARF opens
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up the possibility that only the loss of these two proteins is
sufficient for MPNST genesis and that the high frequency
of large alterations is just pointing to the most likely mechanism of inactivation. So far, we can assure that a comprehensive genomic analysis of this region demonstrates the
necessary complete inactivation of CDKN2A for MPNST
formation.
The diagnosis of MPNSTs based on imaging and pathology analysis can be challenging (Rodriguez et al. 2012;
Le Guellec et al. 2016) and a clear understanding of the
molecular alterations present in MPNSTs might help in this
regard. A careful genomic analysis of CDKN2A status in
combination with other genetic alterations might provide
an additional piece of information for a differential diagnostic, either from aNF or from other soft tissue sarcomas. In
addition, loss of CDKN2A leads to the higher activation of
cyclin-dependent kinases CDK4/6, contributing to a cancer
cell state. Different CDK4/6 inhibitors exist and are currently being used in clinical trials for distinct types of tumors
and in pre-clinical combination treatments, for instance with
MEK inhibitors (Wagner and Gil 2020). Thus, the loss of
CDKN2A may not only help MPNST diagnostics but could
offer the possibility of using CDK4/6 inhibitors, in combination with other agents, as a potentially effective therapy on
all MPNSTs.
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