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Abstract

Neurofibromatosis type 1 (NF1) is a genetic disorder that, among other manifestations, predisposes affected
persons to the development of tumors in the peripheral nervous system (PNS). These tumors arise due to the
biallelic inactivation of the NF1 gene in a cell of the neural crest (NC) - Schwann cell (SC) lineage. One of
these tumors are plexiform neurofibromas (pNFs), which are large benign tumors of the PNS that grow along
large nerves and can compress vital structures. pNFs can transform towards an aggressive soft-tissue
sarcoma, named malignant peripheral nerve sheath tumor (MPNST). The precise identity of the cell-of-origin
of these tumors is still unknown, as well as which are the mechanisms that lie behind the process of
malignization of pNFs towards MPNSTs. With new emerging genomic and bioinformatics technologies, such
as single-cell genomics and epigenomics, many different possibilities to interrogate these tumors arise.
However, we are still missing a profound dissection of this kind of data. The aim of this study is to perform
an in-depth single-cell analysis of the transcriptional and genome accessibility profiles of pNFs, allowing for
a better understanding of the underlying biological structure of these tumors. The results presented identified
the expected cellular components with the expected proportions according to previous histological data.
Interestingly, we found a significant degree of heterogeneity within cellular components. Together with other
factors, heterogeneity within the SC component was partially explained by the presence of cells at diverse
stages of differentiation within the NC-SC axis. Additionally, the study of the chromatin accessibility profiles
of these cells has revealed that NC-SC differentiation not only implies transcriptional changes, but also
epigenetic changes, which appear to be decoupled from one another. The analysis of single-cell tumor
genomics and epigenomics provides further insights into tumor biology and may help us better understand
their origin and malignization process.

Supplementary information: Supplementary material is available through the following link:
https://drive.google.com/file/d/1Eft3aJylr9z80t6noVW8fppDS3FMjPHT/view?usp=sharing

1.- Introduction

Neurofibromatosis type 1 (NF1) is a tumor
predisposition genetic disease that affects
approximately 1 in 3,500 individuals worldwide,
and is caused by the presence of a mutated copy
of the NF1 tumor suppressor gene (Riccardi,
1992). Patients with NF1 show major clinical
manifestations which involve the nervous
system, the skin, and the skeletal system,
implicating cells derived from the neural crest

(NC). Although there exists a great variability in
the different manifestations of the disease, the
formation of tumors in the peripheral nervous
system (PNS) is one of its most characteristic
traits (Ferner, 2007). The NF1 gene encodes for a
protein named neurofibromin, which is a RAS
GTPase-activating protein that catalyzes the
inactivation of RAS. Therefore, loss of NF1
results in activation of RAS and its downstream
signaling pathways, which are key drivers of
cancer, such as the MAPK/ERK kinase cascade.

https://drive.google.com/file/d/1Eft3aJylr9z80t6noVW8fppDS3FMjPHT/view?usp=sharing
https://www.zotero.org/google-docs/?RueJ46
https://www.zotero.org/google-docs/?RueJ46
https://www.zotero.org/google-docs/?pdgnVk
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Neurofibromin has also been found to be a
regulator of cAMP-dependent pathways (Ratner
& Miller, 2015).

There exist diverse NF1-related tumors that
develop in the PNS, which are a major source of
clinical complications for patients with the
disease, all of which show biallelic inactivation
of the NF1 gene (Brems et al., 2009). These
tumors can be both benign or malignant, and
include cutaneous neurofibromas (cNFs),
plexiform neurofibromas (pNFs), atypical
neurofibromas (aNFs), and malignant peripheral
nerve sheath tumors (MPNSTs) (Serra et al.,
2020).

More than 95% of patients with NF1 develop
cNFs, which are benign tumors that originate in
the PNS, forming discrete and
well-circumscribed non-encapsulated nodules
that never progress to malignancy (Ortonne et al.,
2018). These neurofibromas arise due to the
double inactivation of NF1 in Schwann cells
(SCs). The interaction of these SCs with other
NF1(+/-) cellular components facilitates the
formation of the neurofibroma (Buchstaller et al.,
2012; Serra, 2000). pNFs are also a common
manifestation of the disease, observed as big
neurofibromas that seem to arise during
development. These benign tumors can
potentially undergo malignant progression
towards an MPNST (Ducatman et al., 1986).
MPNSTs are soft tissue sarcomas that have a
peripheral nerve sheath origin, and are aggressive
tumors with high metastatic potential, which
makes them key contributors to reduced life
expectancy in patients with NF1 (Evans et al.,
2011). The lifetime risk of developing an
MPNST for an NF1 patient has been observed to
be of about 10-15% (Uusitalo et al., 2016). The
genomes of these tumors are typically
hyperdiploid and highly rearranged, and
complete resection by surgery is essential in
current therapies to treat MPNSTs (Beert et al.,
2011; Carli et al., 2005). In contrast with pNFs,
which express markers from the Schwann cell
lineage (such as SOX10, S100B, or CDH19),
MPNSTs show a significant decrease in the

expression of these genes (Miller et al., 2006),
while showing an increase in the expression of
mesenchymal markers (unpublished data). A
very common path to malignancy in the
progression from a pNF towards an MPNST is
the generation of an atypical neurofibroma
(aNF), described as distinct and slowly growing
nodular lesions that exhibit histological features
considered as pre-malignant, and hence being
generally considered as precursor lesions of
MPNSTs (Beert et al., 2011). In fact, it has been
shown in the analysis of tissue samples capturing
the pNF-MPNST progression that the same NF1
somatic mutation is shared between the MPNST
and the pNF it arised from (Hirbe et al., 2015).

Plexiform neurofibromas (pNFs) are large
and complex tumors that grow along large nerves
and can compress vital structures. These tumors
exhibit highest growth rates during early
childhood (Dombi et al., 2007), and despite their
non-metastatic and benign nature, they constitute
a major source of substantial morbidity and
account for an increased risk of mortality when
symptomatic (Prada et al., 2012). pNFs can have
a great impact on the quality of life of patients
and, as mentioned previously, they may undergo
malignant transformation towards an MPNST in
some cases. The MEK inhibitor (MEKi)
Selumetinib has been used in children with
inoperable pNFs, reducing tumor volume by
more than 20% in approximately 70% of the
cases, lowering their pain and improving their
overall quality of life (Dombi et al., 2016). This
inhibitor has been approved by the FDA as the
first ever treatment for NF1.

As reviewed in Mazuelas et al. (2020), pNFs
are identified in around 50% of NF1 patients by
using magnetic resonance imaging (MRI)
(Mautner et al., 2008). Genetic analyses have
pointed towards NF1 loss as the driver of
plexiform neurofibroma tumorigenesis. Each
pNF arises from an independent inactivation of
this gene (Pemov et al., 2017). The cellular
composition of these neurofibromas is the same
as that of cNFs, although the identity of the cells
that originate them and how they could impact

https://www.zotero.org/google-docs/?613IBy
https://www.zotero.org/google-docs/?613IBy
https://www.zotero.org/google-docs/?EDxCsD
https://www.zotero.org/google-docs/?yh7rWz
https://www.zotero.org/google-docs/?yh7rWz
https://www.zotero.org/google-docs/?0yrtZX
https://www.zotero.org/google-docs/?0yrtZX
https://www.zotero.org/google-docs/?zOOUyA
https://www.zotero.org/google-docs/?zOOUyA
https://www.zotero.org/google-docs/?tMRTWN
https://www.zotero.org/google-docs/?RgMZV7
https://www.zotero.org/google-docs/?RgMZV7
https://www.zotero.org/google-docs/?gCdmgV
https://www.zotero.org/google-docs/?EMXLhD
https://www.zotero.org/google-docs/?EMXLhD
https://www.zotero.org/google-docs/?buP0kc
https://www.zotero.org/google-docs/?owe3Jv
https://www.zotero.org/google-docs/?aera6g
https://www.zotero.org/google-docs/?kDkjXq
https://www.zotero.org/google-docs/?6ifr3Y
https://www.zotero.org/google-docs/?wC86qi
https://www.zotero.org/google-docs/?Ll23N9
https://www.zotero.org/google-docs/?wPB9VJ
https://www.zotero.org/google-docs/?MM6aqc
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tumor development and composition could be
different and is still a matter of discussion.

During embryo development, neural crest
(NC) cells differentiate into Schwann cells (SCs)
in a multi step differentiation process, which
involves the generation of an intermediate
population denominated as Schwann Cell
Precursors (SCPs), which have the capacity to
differentiate into immature SCs, which will then
be able to form myelinating or non-myelinating
mature Schwann cells (Mazuelas et al., 2022;
Woodhoo & Sommer, 2008). There exists certain
diversity within the different cellular types that
compose a pNF, but such as with cNFs, NF1(-/-)
Schwann cells and NF1(+/-) endoneurial
fibroblasts are the main cell types, although
perineurial cells, infiltrating immune cells, axons
and others are also found within these tumors
(Krone et al., 1983). To characterize the two
main cellular components present in these
tumors, there exist several known markers,
including S100B, SOX10 and CDH19 for the
Schwann cell (SC) lineage, with S100B known
to be a marker for a more mature SC (Mazuelas
et al., 2022), or PRRX1 and TWIST1 for a
fibroblast component (Soldatov et al., 2019).

Different genetically modified mouse models
(GEMMs) that develop pNFs have been
generated, using the Cre-loxP system to ablate
the NF1 gene in specific developmental cell
stages of the NC-SC differentiation axis (Wu et
al., 2008; Zheng et al., 2008; Zhu et al., 2002).
These models, along with observing pNFs being
formed after transplantation of NF1-deficient
embryonic dorsal root ganglia / nerve root
neurosphere cells to the sciatic nerve of nude
mice points to Schwann Cell Precursors (SCPs)
as the cells of origin for pNFs (Buchstaller et al.,
2012; Chen et al., 2014). Moreover, a recent
study has developed an in vitro 3D model for NF,
based on the culture of iPSC-derived
differentiating NF1(-/-) SCs along with primary
NF1(+/-) pNF-derived fibroblasts, which can be
engrafted in the sciatic nerve of nude mice and
generate human NF-like tumors (Mazuelas et al.,
2022).

2.- Objectives

This project will be developed under the
hypothesis that the cell of origin of pNFs is not a
mature SC but rather a less differentiated cell in
the NC-SC axis such as a SCP or similar. On one
hand, this could have implications regarding the
cells constituting the whole SC component,
potentially consisting of cells at different stages
of maturation. On the other hand, this provides
an opportunity to study the identity of these cells
and assess whether this identity needs to change
or not when progressing towards an MPNST.

This project aims to fulfill the following
objectives:

1. To study and characterize the cellular
diversity that exists within plexiform
neurofibromas, as well as to determine
the heterogeneity of Schwann cells that
compose them.

2. To determine if there exist NF1(-/-) cells
within pNFs with the potential to
differentiate towards a mesenchymal
phenotype, the existence of which would
point towards them potentially being the
cells originating MPNSTs.

3. To assess whether this same diversity is
observed in iPSC-based in vitro 3D
neurofibroma models or not.

3.- Methods

3.1 Patients and samples

Tumor samples were provided by diagnosed
NF1 patients after giving written informed
consent. They were obtained from three
independent individuals after surgery of three
plexiform neurofibromas (pNFs), labeled as:
PNF19 (corresponding to a 45 year old female),
PNF20 (corresponding to an 11 year old male),
and PNF23 (corresponding to an 8 year old
female). The pNF samples used in this project

https://www.zotero.org/google-docs/?nUNpsE
https://www.zotero.org/google-docs/?nUNpsE
https://www.zotero.org/google-docs/?HTnnsi
https://www.zotero.org/google-docs/?NUQgwa
https://www.zotero.org/google-docs/?NUQgwa
https://www.zotero.org/google-docs/?9uufgv
https://www.zotero.org/google-docs/?Oj56sG
https://www.zotero.org/google-docs/?Oj56sG
https://www.zotero.org/google-docs/?5oLJNY
https://www.zotero.org/google-docs/?5oLJNY
https://www.zotero.org/google-docs/?2NcIKn
https://www.zotero.org/google-docs/?2NcIKn
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were obtained by Mazuelas et al., 2022, and
further details on the processing of the samples
can be found there.

iPSC-based in vitro 3D neurofibroma models
generated in the lab were processed following the
same procedures as with the primary tumors, as
described in Mazuelas et al., 2022. We analyzed
3 different models, all of them composed of 30%
PNF-derived fibroblasts from the same patient,
and 70% differentiating Schwann cells.

3.2 Single-cell data preparation and sequencing

Single cell RNA-seq data was obtained from
the three pNF samples and the three different
models as described in Mazuelas et al., 2022.
Briefly, after dead cells were removed from the
processed pNF samples, cells were resuspended
in DMEM + 10% FBS (Gibco) + 1x GlutaMAX
(Gibco), filtered with a 40µm filter and cell
viability was calculated with the TC20™
Automated Cell Counter (Bio-Rad). Cells were
run in the Chromium Single Cell Gene
Expression (10X Genomics) in order to obtain
the 3’ transcriptome libraries to then be
sequenced on an Illumina sequencer. This data
was generated at the Centre Nacional d’Anàlisis
Genòmics (CNAG), in Barcelona.

Independently, a combination of scRNAseq +
scATACseq data only from the pNF samples
described above was generated in the CNAG by
using Chromium Single Cell Multiome ATAC +
Gene Expression (10X Genomics), following
vendor instructions.

3.3 Pre-processing and quality control

FASTQ files were processed with the CellRanger
software (version 3.1.0) from 10X Genomics, by
using the count pipeline with the pre-built human
reference package (version 3.0.0). Downstream
analysis was performed using R (version 4.1.1),
Bioconductor (version 3.14) (Huber et al., 2015),
and Seurat (Hao et al., 2021).

UMIs per gene per cell matrices were loaded
into R by using DropletUtils (Griffiths et al.,
2018). Standard quality control procedures and
normalization were performed with scater
(McCarthy et al., 2017), including the
elimination of cells with low library sizes, low
number of features, and high number of reads
mapped to genes in the mitochondrial genome, as
well as doublet detection and removal, which
was done using scDblFinder (Germain et al.,
2021). Also, batch correction was performed by
applying mutual nearest neighbors (MNN)
correction with the batchelor package (Haghverdi
et al., 2018).

3.4 Single-cell RNA-seq analysis

For downstream analysis, we identified highly
variable genes (HVGs) by selecting the top 20%
most variable genes using scran (Lun et al.,
2016). Subsequently, we performed
dimensionality reduction by PCA and
T-Distributed Stochastic Neighbor Embedding
(TSNE), along with Uniform Manifold
Approximation and Projection (UMAP),
followed by a clustering based on a two-step
procedure combining k-means and graph-based
clustering using the infomap algorithm.

In order to assign cells to a predicted cell
type, we performed cell type annotation using
singleR (Aran et al., 2019) and the Human
Primary Cell Atlas (Mabbott et al., 2013) as a
reference. Additionally, to assess for significant
differences in gene expression between different
components of cells, differential expression (DE)
analysis was performed with limma, using the
voom() function (Ritchie et al., 2015), and
gene-set enrichment analysis was done using
ShinyGO (Ge et al., 2020). Plots for visualization
of the analyses were generated using scater and
ggplot2 (Wickham, 2016).

3.5 Signature scoring

Signature scoring was performed in order to
assign scores to each cell based on their overall

https://www.zotero.org/google-docs/?7H3yXU
https://www.zotero.org/google-docs/?FUesAU
https://www.zotero.org/google-docs/?5nd6BI
https://www.zotero.org/google-docs/?hGk46J
https://www.zotero.org/google-docs/?jWZC2w
https://www.zotero.org/google-docs/?vWHw4a
https://www.zotero.org/google-docs/?vWHw4a
https://www.zotero.org/google-docs/?7g7FWo
https://www.zotero.org/google-docs/?fy0mxo
https://www.zotero.org/google-docs/?fy0mxo
https://www.zotero.org/google-docs/?ODcvDp
https://www.zotero.org/google-docs/?ODcvDp
https://www.zotero.org/google-docs/?47hdz5
https://www.zotero.org/google-docs/?47hdz5
https://www.zotero.org/google-docs/?4yZmXW
https://www.zotero.org/google-docs/?RB2DuP
https://www.zotero.org/google-docs/?Pv8fWc
https://www.zotero.org/google-docs/?W61Nuu
https://www.zotero.org/google-docs/?Wr6p0f
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expression of particular sets of genes that are
characteristic of particular cell states using
Seurat’s AddModuleScore() function. These
scores were then passed on to the original object
and plotted using scater.

In order to assign cells to a particular cellular
state, gene sets found to be upregulated in NC,
Early SCs and Mature SCs (Mazuelas et al.,
2022) were used to compute scores for each cell
and gene set that were then normalized by
L2-normalization. Each cell was assigned to the
state with the highest normalized score if any of
them was greater than 0.015.

3.6 RNA velocity

In order to perform RNA velocity analysis,
we generated spliced and unspliced count
matrices from the raw FASTQ files by using
kallisto | bustools (Bray et al., 2016; Melsted et
al., 2021). The data was loaded into the R
environment using zellkonverter, and the analysis
was performed with velociraptor, which performs
the velocity calculations via the scVelo Python
package (Bergen et al., 2019).

3.7 Single Cell Multiome ATAC + Gene
Expression and analysis

To analyze the data generated from the 10X
Genomics Multiome, FASTQ files were
processed with the CellRanger ARC software
(version 2.0.1) from 10X Genomics, by using the
count and aggr pipelines with the pre-built
human reference package (version 2.0.0).

Gene expression data was analyzed following
the same procedures explained above. In the case
of scATACseq data, standard quality control
procedures were performed using Signac (Stuart
et al., 2021), including nucleosome signal and
TSS enrichment scoring, as well as checking for
unusually low or high counts. Peak calling was
performed using MACS2 (Zhang et al., 2008),
and peak to gene links were predicted with
Signac’s LinkPeaks() function. Coverage plots to
visualize the chromatin accessibility profiles of

certain groups of cells were generated with the
CoverageBrowser() function from Signac.

Code availability: All scripts used for the
development of this project can be found at:
https://github.com/pereperi/FDP

4.- Results and discussion

4.1 Quality control and sample cleaning

In order to begin with the treatment of the
data from all pNF samples, consisting of 9092
(PNF19), 6155 (PNF20), and 5087 single cells
(PNF23), standard quality control procedures and
normalization were followed, which included the
elimination of cells with low library sizes, low
number of features, and high percentage of reads
mapped to mitochondrial transcripts. However,
other factors generating noise might appear
during the processing of the samples, which is
done separately, therefore giving place to a
“batch effect”, or to other cellular artifacts that
may introduce false variation in the dataset such
as cellular response to stress events which the
cells can be subject to during the processing of
the tumor samples.

After performing feature selection and
dimensionality reduction, a strong batch effect
was observed when plotting the cells in the
reduced space by sample of origin. To deal with
this, we applied mutual nearest neighbors
(MNN) correction (Fig. 1A), which resulted in a
more equally distributed visualization in which
we could at first glance observe the presence of
two main components of cells which expressed
CDH19 on one hand and PRRX1 on the other
(Fig. 1B), which are known to be markers for the
Schwann cell lineage and for a mesenchymal
phenotype, respectively.

Selecting only the component of cells
expressing CDH19, we obtained a UMAP
visualization which clearly separated the
component in two, showing a cluster of cells that
was predominantly composed of cells from one
of the samples (PNF19) (Fig. 1C). After

https://www.zotero.org/google-docs/?myliru
https://www.zotero.org/google-docs/?myliru
https://www.zotero.org/google-docs/?qrbyW6
https://www.zotero.org/google-docs/?qrbyW6
https://www.zotero.org/google-docs/?e8jb4i
https://www.zotero.org/google-docs/?7l0VqS
https://www.zotero.org/google-docs/?7l0VqS
https://www.zotero.org/google-docs/?90htOl
https://github.com/pereperi/FDP
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performing a differential expression analysis
between these two clusters, followed by an
enrichment analysis using the resulting genes, we
concluded that this separation could be caused by
the presence of cells showing high levels of
stress in the endoplasmic reticulum, which could
also clearly be seen when plotting the scores of
the GO:0034976 signature (Figs. 1C and S1).

We found that cells showing response to
stress were present throughout the whole set of
cells, and corresponded in the most part to those
from PNF19 (Fig. 1D). In order to avoid
confounding and future misleading results due to
the variation this artifact might introduce, we
eliminated cells showing response to stress in the
endoplasmic reticulum from downstream
analysis by getting rid of cells with a score >0.35
for the mentioned GO:0034976 signature (Fig.
1E).

The presence of a subpopulation of cells
expressing both CDH19 and PRRX1 markers
was of interest for us at first, regarding the

possibility for them to potentially represent a less
differentiated state capable of differentiating
towards both identities. However, further diving
revealed that this subpopulation had around 2X
more reads on average than the rest of cells, so
we applied procedures for doublet removal in
order to deal with this artifact (Fig. S2).

The emphasis put on proper application of
quality control was significant in order to remove
undesired cellular artifacts and ensure the
credibility of future results, since we noticed a
lack for a proper standardized procedure in order
to detect and eliminate the effect of stress or
other artifacts that might appear during the
processing of samples prior to being run in the
Chromium. Moreover, the identification of this
sample-specific cellular artifacts after batch
correction gives strength to the fact that MNN
correction does not assume the population
composition is the same across samples and
therefore does not “over-correct” the data, but
instead still leaves the biological differences
between samples at sight.

Figure 1. Correction of cellular artifacts among samples is essential for proper downstream analysis
(A) TSNE plots of the whole set of cells, colored by sample of origin, before (left) and after (right) MNN correction.
(B) TSNE plots with cells colored according to the expression of known markers of a mesenchymal component (PRRX1) and the Schwann
cell lineage (CDH19).
(C) UMAP representation of the CDH19-expressing component colored by sample of origin (left), CDH19 expression (center), and by the
score of the GO:0034976 signature, referring to response to endoplasmic reticulum stress (right).
(D) TSNE representation of the whole set of cells colored by the score of the GO:0034976 signature (left), along with the distribution of the
scores across the three samples (right), where we eliminated cells with a score >0.35 from downstream analysis.
(E) Representation of the cells eliminated from downstream analysis (in red), both in the TSNE plot and in a barplot separating per sample.
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4.2 Cellular heterogeneity within pNFs

After ensuring that proper quality control and
sample cleaning procedures were performed, we
moved on to downstream analysis with the now
reduced set of cells (Fig. 1E). In Fig. 2A, we can
observe the updated TSNE plot after performing
MNN correction on the set of cells, where we
now see a more homogeneous distribution of the
three pNF samples across the space, where
despite showing some expected differences
between them because of their different
biological origins or the stage of tumor
development, they all show a very similar pattern
(Fig. S3).

Performing clustering on the whole set of
cells using a two-step procedure combining
k-means and graph-based clustering, we obtained
a total of 13 clusters of cells representing
different transcriptional profiles (Fig. 2B). Cell
type annotation was performed using SingleR
and the Human Primary Cell Atlas as a reference,
and assigned predicted identities to each of the
clusters, which helped in the characterization of
the cellular composition of pNFs (Fig. S4). The
results showed a quite confident assignment of
clusters 1, 3, 6, 7, 9 and 10 to a Schwann cell
phenotype, whereas clusters 2, 4, 5 and 11 were
assigned to mesenchymal identities. Other less
populated clusters were assigned to endothelial
cells and various immune cell types.

To further dig into this matter, we assessed
the per-cell expression of Schwann cell lineage
markers (S100B, CDH19, SOX10), and markers
for a mesenchymal phenotype (PRRX1,
TWIST1), which went accordingly with the
results from the annotations and revealed the
presence of two main cellular components
expressing markers from one type or the other
(Fig. 2C). However, S100B did not show
expression in the totality of the clusters assigned
to a Schwann cell phenotype, but its expression
was rather concentrated in a subset of cells that

could therefore represent a more mature SC state.
This could be a sign of cellular heterogeneity and
suggests for the potential presence of cells at
different stages of the NC-SC differentiation axis
within pNFs.

Cell type annotations predicted by SingleR
were also examined for single cells, where cells
were assigned a refined identity label that was
then grouped into more general cellular
components for visualization purposes. However,
the reliability of the annotations using SingleR
was a limitation for us, specially due to the lack
of a proper transcriptional reference and finer
cell type labels specific to the PNS, which made
it hard for us to rely solely on these predictions.
Also, a considerable proportion of cells in the
dataset were labeled by the algorithm as iPSCs,
which is obviously a contradiction in the context
of primary tumor samples. However, due to the
lack of label resolution of the reference used, we
considered this label could be identifying cells in
a less differentiated state and maintained the
original labeling. The grouping of the assigned
labels into more general components yielded the
identification of 5 different cellular components,
consisting of a Schwann cell component, a
mesenchymal component, iPS cells, endothelial
cells, and immune cells, with the first two being
the most abundant.

The distribution of these cellular components
projected on the TSNE plot (Fig. 2D) matches
with the areas in which our set of selected
markers is expressed (Fig. 2C). In contrast with
the components of endothelial and immune cells,
which do not appear connected in the
dimensionally reduced space, the Schwann cell
and the mesenchymal components do appear
connected on the TSNE plot, a fact that was of
interest for us, as it could be an indication of a
potential common origin between these two
components. A plot of the cell type assignments
using more refined labels can also be found in
Figure S5.
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Figure 2. Expression of markers and cell type annotation reveals the main cellular components present in pNFs and their
proportions
(A) TSNE plot of the whole set of cells after performing the quality control procedures and MNN correction, colored by sample of origin.
(B) TSNE plot with all cells colored by their assigned cluster, showing 13 clusters of cells, after running k-means + graph-based clustering.
(C) Per-cell expression of Schwann lineage markers (SOX10, CDH19, S100B), and mesenchymal markers (TWIST1, PRRX1) on the TSNE
plots, revealing the presence of the two main cellular components present within these tumors.
(D) TSNE plot with cells colored by their assigned cellular identity, after grouping of more refined cellular types into generalized
components.
(E) Barplot showing the detected proportions of the main cellular components within each of the three pNF samples.
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When looking at the proportions for each of
the components (Fig. 2E), we obtain similar
results to what we expected according to
previous studies on intratumor heterogeneity
(Carrió et al., 2018), in which Schwann cells and
endoneurial fibroblasts are found to be the most
abundant types, respectively. The profiles in
cellular composition seem to be consistent across

the different samples, except in the case of
PNF20, where there seems to be a kind of
tradeoff between the proportion of Schwann cells
and that of the cells labeled as iPSCs, which
could potentially point towards it having a higher
proportion of cells with stemness properties,
implying that this tumor could be in an active
growth phase.

Figure 3. Gene expression analysis with 10X Genomics Multiome yields consistent results when compared to conventional
scRNA-seq analysis
(A) Per-cell expression of Schwann lineage markers (S100B, CDH19, SOX10), and mesenchymal markers (PRRX1, TWIST1) on the TSNE
plots from the Multiome analysis, consistently revealing the presence of the two main cellular components present within these tumors.
(B) TSNE plot from the Multiome analysis with cells colored by their assigned cellular components, showing a very similar distribution to
the one from conventional scRNA-seq analysis.
(C) Barplot showing the detected proportions of the main cellular components within each of the three pNF samples, comparing the results
from conventional scRNA-seq analysis and those obtained using Multiome.

https://www.zotero.org/google-docs/?OtGe6s
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When analyzing single-cell gene expression
data of a different set of cells from the same pNF
samples using the Single Cell Multiome ATAC +
Gene Expression technology from 10X
Genomics, we had interest in assessing whether
we would observe consistent results regarding
the heterogeneity of cells composing these
tumors with what we had previously seen with
conventional scRNA-seq analysis. The data was
processed following exactly the same quality
control and downstream procedures as explained
above. When plotting the per-cell expression of
Schwann cell lineage and mesenchymal markers,
we again observed the presence of two main
components of cells expressing markers from
one type or the other, despite showing less
intense levels of expression in some cases (Fig.
3A). The results of the cell type annotations
using SingleR also led to the identification of the
same 5 main cellular components, showing a
similar distribution pattern across the
dimensionally reduced space (Fig. 3B). In
general, the proportions observed for each of the
cellular components are consistent with our
previous findings (Fig. 3C), and despite showing
some differences within each of the samples, the
results still match what we expected according to
the previous studies mentioned above.

Overall, the results from the single-cell gene
expression analysis using the Multiome
technology showed consistency with those
obtained from conventional scRNA-seq analysis.
This validation is of importance for us as it could
have practical implications regarding the
appropriateness of the approaches used for future
research studies. However, the observed
variability between both approaches, as well as
the lack of intensity in the expression of some
genes in the case of the analysis using Multiome
are factors to be taken into account.

4.3 Understanding diversity within the Schwann
cell component

In Mazuelas et al., 2022, an expression
roadmap of NC-SC differentiation was generated

in which NC cells were differentiated into SCs
and different timepoints were sampled (at 0, 7,
14 and 30 days after the induction of SC
differentiation) in order to perform bulk
RNA-seq analysis and obtain sets of genes found
to be upregulated at the different stages. To study
the potential diversity of SCs within pNFs, we
made use of these sets of upregulated genes in
order to generate signature plots for the different
stages on our set of cells in which genes from
day 0 were used as a signature for a NC stage,
genes from days 7 and 14 were merged to be
used as a signature for an Early SC stage, and
genes from day 30 were used as a signature for a
Mature SC stage. The results of this analysis
showed the presence of a clear diversity within
the SC component which is due to the presence
of cells at different stages of the NC-SC
differentiation axis (Figure 4A), as it can be seen
how the spatial distribution of the highest scores
for the signatures on the TSNE plot moves
through the SC component as the stages become
more mature. A very similar thing was observed
when plotting the per-cell expression of markers
for each of the stages (STMN1, EHBP1, and
GAS7, respectively), which were selected from
the expression roadmap (Figure 4B).

The results from the RNA velocity analysis,
which aims to predict the future transcriptional
state of single cells, also yielded consistent
results with the previous analysis (Figure 4C). It
can be observed how there is a very clear and
rapid progression of cells within the SC
component that seems to have an origin around
cluster 6, where then cells progress rapidly and
consequently enter in a more steady state around
clusters 9 and 10, which matches with the
clusters having higher scores for the Mature SC
signature. The main strength of this analysis lies
on the fact that it works independently to any
other information we have previously obtained,
as it is solely based on the analysis of the ratio of
unspliced to spliced transcripts in order to infer
the transcriptional directionality of each cell,
which reinforces our previous ideas from a
completely different perspective.

https://www.zotero.org/google-docs/?zvkpBB
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Figure 4. Evaluation of diversity within the SC component reveals the presence of cells at diverse stages of differentiation within the
NC-SC axis, which implies transcriptional and epigenetic changes

(legend continued on next page)
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Interestingly, we noticed that a similar
phenomenon to what we observed within the SC
component also happens in the case of the
mesenchymal component, where cells seem to
progress rapidly across cluster 5 and the amount
of change becomes less drastic around clusters 2
and 4, which suggests that a similar progression
regarding cells at different stages of
differentiation might also be happening within
the mesenchymal component. Despite its
limitations, this observation, along with the fact
that we observe highest scores for a NC signature
in what appears to be the origin of this
progression in the mesenchymal component
(Figure 4A), reinforces the idea given in
previous studies that these cells may potentially
share a common NC origin with SCs (Joseph et
al., 2004).

The scores of the signatures of SC
differentiation stages, as well as an extra
signature for endoneurial fibroblasts, were used
to assign certain cells to a particular state, so that
cells that were assigned a high score for the
Mature SC signature, for instance, were assigned
as Mature SCs, and similarly for the rest of
states. With this, we analyzed our single-cell
ATAC-seq data from 10X Genomics Multiome in
order to compare the chromatin accessibility
profiles (represented by peaks) between cells
assigned with different cellular states. We
generated coverage plots for genomic regions
covering the mentioned selected marker genes
for the SC differentiation stages to make these
comparisons, along with the distribution of their
respective expression levels (Figure 4D).

In the case of the NC marker STMN1, the
predicted expression-regulating peak is present in
all states while the gene is mostly expressed in
NC cells. However, in the case of the Early SC
marker EHBP1, the peak is only present in the
case of Early and Mature SCs, suggesting that
there is a change in the chromatin accessibility
profile of cells that seems to happen right when

cells start their differentiation process from NC
towards a mature SC. This chromatin remodeling
gives cells within the Schwann cell lineage a
defined epigenetic identity. The same thing is
observed in the case of Mature SC markers
GAS7 and also S100B, where despite being
markers that are not yet expressed in the case of
Early SCs, the chromatin accessibility profiles of
these cells seem to be already prepared to allow
cells to express them in the future.This fact
reinforces the idea that epigenetic changes are
defining the identity of these cells and play an
important role in their process of differentiation,
but are however not sufficient to infer whether a
gene is going to be expressed or not.

4.4 Validation of in vitro 3D neurofibroma
models

iPSC-derived 3D neurofibroma models
termed neurofibromaspheres have been
developed in a recent study in our lab. A more
generic analysis of single-cell RNAseq data of 3
of these models was performed in order to assess
whether their cellular composition would
reproduce that of primary tumors. A combined
analysis of both data from primary tumors and
3D models was performed in order to allow us to
make comparisons easily, where the data was
processed and analyzed following the same
procedures explained previously.

When plotting all cells in the TSNE plot, we
could observe how cells from the 3D models
appeared clearly separated from all cells from
primary tumors (Fig. 5A), and how cells from the
3 different 3D models were grouped together
despite showing some differences (Fig. S6), just
like in the case of the primary tumors. This
strong separation could be due to the fact that
cells from the models have been cultured in vitro,
a factor that is known to cause significant
differences in the transcriptional profiles of cells
compared to primary tumors, according to
previous   studies (Miller   et   al.  2009),  which

(A) TSNE plots with cells colored according to the scores of the signatures of SC differentiation stages: NC (left), Early SC (center), and
Mature SC (right).
(B) TSNE plots with the per-cell expression of selected markers for NC (STMN1), Early SC (EHBP1), and Mature SC (GAS7), respectively.
(C) TSNE plot showing the results of the RNA velocity analysis, which infers transcriptional directionality to each cell, with cells colored
according to their assigned cellular component.
(D) Coverage plots comparing the chromatin accessibility between different cellular states of key regions with links to markers STMN1,
EHBP1, GAS7, and S100B, along with their respective expression levels.

https://www.zotero.org/google-docs/?dMkMXV
https://www.zotero.org/google-docs/?dMkMXV
https://www.zotero.org/google-docs/?VvmUoH
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made it really challenging for us to perform
further analysis of this data. Despite these
difficulties, with the cell type predictions of
single cells performed using SingleR (Fig. 5B),
we were able to identify the presence of a
component of Schwann cells, as well as a
component of cells with a mesenchymal
phenotype, which are the two components that
we expected to find at first glance. We obviously
did not identify a component of immune cells or
endothelial cells, as these are not included in the
generation of neurofibromaspheres. These results
were consistent when assessing the expression of

markers for the SC lineage and for a
mesenchymal phenotype (Fig. 5C), where we
were able to identify cells expressing markers
from both types, as well as successfully
differentiated SCs expressing S100B within the
3D models. Overall, despite the difficulties
encountered in terms of proper interpretation of
the results of this analysis, we were able to find
the expected components of cells within in vitro
3D neurofibroma models, as well as observing
that they seem to recapitulate the cellular
composition found in primary tumors.

Figure 5. iPSC-based in vitro 3D neurofibroma models seem to recapitulate the cellular composition of primary tumors
(A)  TSNE plot with cells from both primary tumors and 3D models (spheres), colored according to their origin.
(B) TSNE plot of the whole set of cells colored by their assigned cellular components, where we are able to identify the main expected
components within the 3D neurofibroma models.
(C) Per-cell expression of Schwann lineage markers (SOX10, CDH19, S100B), and mesenchymal markers (TWIST1, PRRX1) on the TSNE
plots of the whole set of cells from primary tumors and 3D models.



14

5.- Conclusions

This study constitutes one of the first in-depth
single-cell analysis of pNFs. With it, we have
observed the presence of cellular diversity within
these tumors, and identified the expected cellular
components with their expected proportions,
according to previous pathological
characterization. Additionally, we found that the
heterogeneity that exists within the Schwann cell
component is partially due to the presence of
cells at different stages of differentiation, which
seems to happen in a similar way in the case of
the mesenchymal component, reinforcing the
idea that these cells may potentially share a
common NC origin with SCs. This NC-SC
differentiation not only implies transcriptional
changes, but also epigenetic changes, which
appear to be decoupled from one another.

iPSC-based in vitro 3D neurofibroma models
generated in the lab also have the expected
cellular components and seem to recapitulate the
cellular composition found in primary tumors.
Also, we concluded that gene expression analysis
with 10X Genomics Multiome is comparable
with results from conventional scRNA-seq.
Finally, we want to emphasize on the importance
of performing proper quality control procedures
that go beyond the correction of artifacts that
might appear during the generation of libraries
and sequencing, which is key to ensure the
credibility of downstream results.

All in all, tumor analysis at the single cell
level can help acquire a better understanding of
their underlying biological structure and shed
some light on which are the mechanisms by
which these tumors arise and develop.
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