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Abstract

The future of precision medicine is heavily reliant on the use of human tissues to identify the key 

determinants that account for differences between individuals with the same disorder. This need is 

exemplified by the neurofibromatosis type 1 (NF1) neurogenetic condition. As such, individuals 

with NF1 are born with a germline mutation in the NF1 gene, but may develop numerous distinct 

neurological problems, ranging from autism and attention deficit to brain and peripheral nerve 

sheath tumors. Coupled with accurate preclinical mouse models, the availability of NF1 patient-

derived induced pluripotent stem cells (iPSCs) provides new opportunities to define the critical 

factors that underlie NF1-associated nervous system disease pathogenesis and progression. In this 

review, we discuss the generation and potential applications of iPSC technology to the study of 

NF1.
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1. Introduction

Neurofibromatosis type 1 (NF1) is a complex multisystem cancer predisposition syndrome, 

with a birth incidence between 1 in 2,500 and 1 in 3,000 individuals worldwide [1, 2]. The 

condition is caused by autosomal dominantly-inherited or de novo loss-of-function 

mutations in the NF1 gene located on chromosome 17q11.2 [3]. Affected individuals present 

with a wide range of clinical manifestations, including pigmentary abnormalities (café-au-

lait macules, skinfold freckling, Lisch nodules), peripheral (neurofibromas, malignant 

peripheral nerve sheath tumors) and central (optic pathway and brainstem gliomas) nervous 

tumors, bone abnormalities, vasculopathy and other cancers [4]. In addition to these medical 

problems, over 80% of children with NF1 have learning disabilities, social perception 

deficits (autism spectrum disorder), and attention deficits [5].
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While there has been enormous progress over the past 25 years since the identification of the 

NF1 gene in 1990, there are still a limited number of molecular targets for therapeutic drug 

design, and few of these molecularly-targeted therapies have been effective when evaluated 

in human clinical trials. In this regard, oral imatinib mesylate successfully reduced plexiform 

neurofibroma size and metabolic activity in a preclinical Nf1 mouse model [6], but resulted 

in variable reductions in tumor volume in a phase 2 study [7]. Lovastatin was also successful 

in a preclinical Nf1 mouse model by normalizing long-term potentiation (LTP) deficits and 

reversing spatial learning and attention impairments [8]. However, several randomized 

placebo-controlled lovastatin and simvastatin clinical trials produced no detectable 

improvements in measures of attention [9–13].

One potential reason for this apparent lack of preclinical translation is the inherent 

differences between rodents and humans. Although they share substantial genomic 

homology, there are significant dissimilarities to consider when using animal models to 

inform about human disorders. Anatomically, rodent brains are unlike human brains in that 

they are lissencephalic, meaning that their cerebral cortices do not undergo gyrification 

during development like their human counterparts [14]. In addition, cerebral progenitor zone 

complexity and organization differs between rodents and humans [15]. Furthermore, specific 

cell types, like microglia, exhibit striking interspecies differences in proliferation in vitro, 

immune system receptor expression and response to immune stimuli [16].

For these reasons, it would be desirable to complement Nf1 mouse models with preclinical 

experiments using actual human biospecimens. One such approach entails the use of patient-

derived xenografts (PDX), in which patient tumor tissues are transferred into 

immunodeficient mice, allowing for preservation of tumor histology, genetic composition, 

and drug sensitivity. This platform has been highly successful for high-grade brain tumors, 

such as glioblastoma [17], but has been problematic for low-grade gliomas and 

neurofibromas due to premature senescence and low clonogenic frequencies. Another 

approach employs pathologic specimens, which maintain intact tissue architecture and gene 

expression patterns. However, the dynamic changes inherent in these tissues are reduced to a 

static image, and much of the information in these biospecimens regarding cell-cell 

interactions, stromal contributions, or the impact of germline genetics on disease 

development and progression is lost.

These limitations support the pressing need for an in vitro human system amenable to 

genetic engineering, as well as dynamic molecular and functional analyses. The discovery of 

somatic cell reprogramming to a pluripotent state by Shinya Takahashi and colleagues in 

2006 [18] ushered in an era of in vitro human disease modeling. The work that Dr. 

Yamanaka received the Nobel Prize for in 2012 involved retroviral delivery of transcription 

factors Oct3/4, Sox2, c-Myc and Klf4 into mouse embryonic fibroblasts, generating induced 

pluripotent stem cells (iPSCs) with the capacity to differentiate into any cell type in the body 

(Fig. 1) [18]. Within the last ten years, refinements in reprogramming and differentiation 

techniques have resulted in the generation and application of human-derived iPSCs [19] to 

model complex genetic disorders, such as Rett syndrome [20], Fragile X syndrome [21], 

schizophrenia [22], and bipolar disorder [23]. In this review, we discuss the current 

capabilities of somatic cell reprogramming, iPSC differentiation and the potential of iPSC 
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technology to provide multidimensional models of neurodevelopment and tumorigenesis in 

NF1. In addition, we will highlight potential applications of iPSC technology to therapeutic 

delivery and screening, as well as discuss the inherent limitations of this approach.

2. iPSC sources and reprogramming

Induced pluripotent stem cells, like most stem cells, are capable of generating more iPSCs 

(self-renewal), but also can give rise to cell types from any of the three germinal layers 

formed during embryogenesis (ectoderm, mesoderm, and endoderm). In this regard, they are 

similar to human embryonic stem cells (hESCs), but do not carry the ethical concerns 

associated with the use of embryos for hESC isolation. Importantly, iPSCs do not derive 

from embryonic tissues, and are instead generated by genetic reprogramming of non-germ 

cells (somatic cells).

There are multiple somatic cell types that can be reprogrammed to generate iPSCs (Fig. 2), 

each with unique advantages and disadvantages. Dermal fibroblasts from skin punch 

biopsies were the first source of human-derived iPSCs [19, 24], and are the most frequently 

used cell type for reprogramming. iPSC sources have since been expanded to include stem 

cells from adult peripheral blood and umbilical cord blood collected after birth [25]. 

Exfoliated renal tubular epithelial cells isolated from urine [26] and keratinocytes from hair 

[27] are also viable reprogramming sources for the generation of iPSCs. There is currently 

no consensus regarding the ideal tissue from which to harvest cells for reprogramming, but 

the cell type of origin has been shown to affect programming efficiency [28, 29].

For example, reprogramming of primary human keratinocytes using conventional retroviral 

transduction with OCT4, SOX2, KLF4 and MYC achieves 100-fold more efficient and 2-

fold faster reprogramming compared to human fibroblasts [27]. Differences in efficiency and 

timing of reprogramming are likely attributable to more robust endogenous expression of 

stem cell-related genes in keratinocytes; however, the mechanisms underlying these 

differences have not been fully elucidated. Donor cells may also retain DNA methylation 

signatures of the original tissue after reprogramming, which predisposes to lineage-specific 

differentiation, suggesting that reprogramming of cells from the same germ layer as the 

desired differentiated cell population may be advantageous. As proof of concept, human beta 

cell-derived iPSCs have been shown to maintain an open chromatin structure at key beta cell 

genes, as well as an increased ability to differentiate into insulin-producing cells relative to 

ESCs and isogenic non-beta cell-derived iPSCs [30]. This retained epigenetic memory varies 

with the specific reprogramming method, and can be reset with chromatin modifying 

compounds in situations where donor cell epigenetic memory is disadvantageous for future 

differentiation [31]. Ultimately, the reprogramming method and efficiency, ease of obtaining 

cells, and differentiation capacity must all be considered when selecting a somatic cell 

source for reprogramming. For this reason, the incorporation of control, non-disease-

bearing, normal cell lines matched to the somatic cell of origin is important for providing 

relevant comparators.

In addition, genome editing tools, like CRISPR/Cas9, allow for the correction or generation 

of specific genetic mutations on the same genomic background. Using this approach, 
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germline NF1 gene mutations can introduced into the same iPSC line, allowing the original 

non-engineered line to serve as a control. Similarly, patient-derived iPSC lines can have the 

causative NF1 gene mutation corrected to a wild-type functional allele. In both cases, this 

method eliminates the genetic/genomic variation observed between different patients, and 

thus facilitates more accurate comparative analyses in situations where genomic differences 

may influence disease susceptibility or severity [32].

2.1 Indirect reprogramming methods

The first vectors used to generate iPSCs were gamma retroviruses, specifically murine 

leukemia retroviruses, chosen for their favorable long-term transgene expression (Fig. 3A) 

[18, 19]. Retroviral vectors consist of an RNA genome which is converted to DNA by 

virally-encoded reverse transcriptase once inside the target cell. The viral DNA is then 

integrated into the recipient genome during cell division, providing a persistent template for 

viral replication and gene expression. Replication-defective retroviruses engineered with 

insertion of transgenes in the place of viral protein-coding genes allow for delivery and 

integration of genes encoding reprogramming transcription factors. However, retroviruses 

are limited by their inability to transduce non-dividing and slow-growing cells, as well as the 

potential increased cancer risk associated with the integration of viral vectors near proto-

oncogenes [33].

Lentiviral vectors, a retroviral subclass, can transduce both non-dividing and rapidly-

dividing cells with efficiencies comparable to other retroviruses, thus expanding potentially 

reprogrammable biomaterials to include cells with low division rates, like neurons and 

macrophages [34]. iPSC conversion with virally-delivered transgenes is a highly efficient 

reprogramming method [35], but transgene systems have inherent drawbacks: Insertional 

mutagenesis and transgene reactivation in iPSC-derived differentiated cells confers the 

capacity for malignant transformation, making iPSCs generated with these reprogramming 

technologies potentially unsafe for transplant therapies. Transplanted pluripotent stem cell-

derived neural precursors can induce tumor formation in animal models, despite the removal 

of pluripotent cells prior to transplantation [36, 37]. To circumvent these risks, excisable 

lentiviral vectors have been developed using Cre/loxP technology [38], while transposon-

derived vectors have emerged as another approach [39]. However, even excisable transgene 

technologies still pose a risk for non-specific recombination events and genomic instability 

during gene excision.

The clinical application of iPSCs to cell transplantation therapies necessitates the reduction 

of oncogenic potential and genetic instability associated with genome-integrating 

reprogramming methods. Adenoviral vectors are considered a non-integrative option for 

reprogramming factor delivery, with the caveat that they require extremely high viral titers 

for genomic integration [40]. Despite this limitation, adenoviral vectors have been used to 

successfully reprogram human fibroblasts [41]. Sendai viral vectors are another non-

integrative reprogramming alternative [42–44]. Since these are RNA viruses with 

exclusively cytoplasmic replication, they do not integrate into the target cell genome. The 

derivation of iPSCs free of transgene sequences has also been achieved using episomal 

vectors to deliver reprogramming factors. In this regard, human fibroblasts have been 
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successfully reprogrammed after a single transfection with oriP/EBNA1 (Epstein-Barr 

nuclear antigen-1)-based episomal vectors expressing OCT4, SOX2, MYC, KLF4, NANOG, 
LIN28 and Simian Virus 40 Large T (SV40LT) [45]. Alternative approaches have been 

reported, involving the repeated application of cell-penetrating peptide-anchored 

reprogramming proteins [46] and small molecule cocktails to replace Yamanaka 

reprogramming factors [47, 48]. These transgene-free methods are promising, but remain 

challenging due to low reprogramming efficiencies. Repeated administration of modified 

synthetic messenger RNA cocktails encoding Yamanaka factors plus LIN28 has also been 

employed to reprogram differentiated human cells to pluripotency without genomic 

integration. Conversion efficiencies were substantially superior using modified RNAs as 

compared to reprogramming with established retroviral protocols [49]. Future research 

would benefit from the optimization and standardization of reprogramming technologies 

capable of reproducibly and efficiently preserving iPSC genomic integrity.

2.2 Direct reprogramming methods

The discovery of iPSCs confirmed that somatic cells are not restricted to a particular 

differentiated state, thus inspiring the use of transdifferentiation methods as a 

complementary approach to the aforementioned dedifferentiation technique. The first direct 

lineage conversion of post-mitotic neurons from mouse embryonic fibroblasts (MEFs) and 

tail-tip fibroblasts (TTFs) was performed by Thomas Vierbuchen and colleagues [50]. 

Functional excitatory neurons were efficiently induced from MEFs and TTFs via lentiviral 

transduction of three transcription factors Achaete-scute family bHLH transcription factor 1 

(Ascl1), POU class 3 homeobox 2 (Brn2), and myelin transcription factor 1 (Myt1l) 
identified from a pool of candidate genes with documented roles in neural development. The 

resulting induced neuronal cells expressed neuron-specific proteins and formed functional 

synapses, thus demonstrating that somatic lineage conversion can bypass a pluripotent 

intermediate and occur between lineages from different germ layers [50]. To confirm that the 

induced neuronal population was not derived from rare neural crest cell derivatives that 

potentially contaminate fibroblast cultures, the conversion of differentiated mouse 

hepatocytes into functional neurons was achieved using the same three factors [51]. Using 

lentiviral transduction of these same factors plus NEUROD1, functional neurons have also 

been induced from human fibroblasts [52].

Small noncoding RNA molecules, called microRNAs, have similarly been utilized to 

promote transdifferentiation of functional excitatory neurons from terminally-differentiated 

somatic cells (Fig. 3B). Since induction of the neural-progenitor-specific BAF (nBAF) 

chromatin-remodeling complex represents an essential switch in neuronal differentiation and 

function, microRNAs miR-9* and miR-124 have been used to repress BAF function and 

facilitate neuronal induction [53]. As such, human fibroblasts have been successfully 

converted to neurons by miR-9* and miR-124 lentiviral transduction, which is accelerated 

by the addition of the NEUROD2, ASCL1 and MYT1L transcription factors [54]. Human 

fibroblasts have also been reprogrammed into functional neurons using the combination of 

miR-124 and the MYT1L and BRN2 transcription factors [55]. In addition, small molecule 

strategies with no risk of transgene integration have also been used to directly reprogram 

human fibroblasts into neurons [56–58].
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To date, various populations of neurons, including inhibitory, spinal motor, dopaminergic, 

and excitatory neurons, have been generated by direct conversion [59]. The direct 

reprogramming method is a promising alternative to methods involving an iPSC 

intermediate, and researchers have many advantages and limitations of each to consider 

before choosing an approach. In bypassing a pluripotent intermediate, the direct 

reprogramming method has the capacity to generate cell populations with a safer profile for 

transplantation therapies. However, without a pluripotent intermediate, the direct platform is 

limited in expandability, as direct conversion produces post-mitotic cells which cannot be 

expanded in culture like iPSCs. Direct reprogramming also preserves putative cellular aging 

markers, which could be advantageous in the study of late-onset diseases where age is a 

significant risk factor [60]. In this regard, neurons generated by direct conversion of 

fibroblasts from older adult mice demonstrate comparable levels of oxidative stress and 

DNA damage as the starting fibroblasts, and exhibit higher expression of age-related genes 

[61].

3. iPSCs for neurodevelopmental disorders in NF1

Cognitive impairments in individuals with NF1 are characterized by extensive clinical 

variability and can involve executive function, attention, memory, visuospatial and visuo-

perceptual abilities, as well as emotionality, behavioral and social competence [4, 62]. 

Comorbid neurodevelopmental disorders, such as autism spectrum disorder (ASD) and 

attention-deficit-hyperactivity disorder (ADHD), have been reported with increased 

prevalence in the NF1 population [63], and NF1 has been clinically associated with an ASD 

phenotype of elevated symptom burden [64].

Given the absence of human experimental platforms for modeling the neurocognitive deficits 

in NF1, Nf1 mouse models have been employed to elucidate the potential structural and 

functional causes of these cognitive abnormalities. Mice with neuron-specific Nf1 loss have 

abnormal development of the cerebral cortex, with reduced cortical thickness and 

astrogliosis [65], while Cre-mediated Nf1 excision in neuroglial progenitors results in 

extensive astrogliosis and increased neuroglial progenitor proliferation [66, 67]. In addition, 

mice heterozygous for a mutation in the Nf1 gene (Nf1+/− mice) display increased GABA-

mediated inhibition and deficits in LTP [68, 69], as well as reduced hippocampal dopamine 

levels, which each contribute to the observed behavioral abnormalities [70].

Despite the wealth of information imparted by Nf1 genetically-engineered mouse (GEM) 

models, it has been difficult to reconcile NF1 patient clinical findings with the 

pathophysiology exhibited by these models. For example, the assessments used to evaluate 

cognitive and behavioral phenotypes in rodents, such as the Morris Water Maze for spatial 

learning and memory, do not fully recapitulate the complexity of higher-order cognitive 

processes in humans. Consequently, normalization of cognitive dysfunction with drugs in 

these preclinical models has not served as reliable predictors of therapeutic efficacy in 

human clinical trials. In this respect, lovastatin, an HMG-CoA reductase inhibitor, reversed 

LTP deficits and impaired spatial learning in Nf1+/− mice, as evaluated by performance in 

the Morris water maze [8]. However, several randomized placebo-controlled lovastatin and 

simvastatin trials revealed no detectable improvement in measures of attention in children 
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with NF1 [9–13]. Similarly, treatment of Nf1 mutant mice with methylphenidate (Ritalin) 

normalized striatal dopamine levels and improved the performance of mice on tests of 

attention-related behaviors and spatial learning [70, 71]. However, when examined in 

pediatric clinical trials, methylphenidate only showed short-term improvement in attention 

using a simplified Connors’ Parent Rating Scale, with no effect on learning and memory 

[72].

In addition, the specific patient germline NF1 gene mutation may also contribute to the 

phenotypic diversity observed in people with NF1 (see below), where it might be one factor 

underlying differences in autistic trait severity [64]. The number of GEM strains harboring 

patient-specific germline NF1 gene mutations is limited, and this underrepresentation of 

mutation heterogeneity may be another barrier to preclinical translation. The ability to 

engineer iPSCs representative of the spectrum of patient-specific mutations and differentiate 

them into virtually any cell type renders the iPSC platform a powerful technology to 

examine neurodevelopmental abnormalities in NF1 (Fig. 2).

3.1 iPSCs for modeling brain development

Cultures of homogenous human-derived cell populations are extremely useful for evaluating 

cell-specific molecular signaling pathways in disease, but these two-dimensional (2D) 

cultures do not permit a detailed examination of heterogeneous cell-cell interactions, 

patterning, and circuit abnormalities seen in the brains of patients with neurodevelopmental 

disorders. Recently, three-dimensional (3D) culture systems have been developed to support 

the evolution of complex, self-organizing cerebral tissues. These 3D structures, termed brain 

organoids, can be established from patient-derived iPSCs (Fig. 4), and replicate many 

aspects of cellular diversity, connectivity, brain and regional identity found in the developing 

human brain [73–75]. The first cerebral organoids were generated to model microcephaly 

[76], where skin fibroblasts from a patient with severe microcephaly and truncating 

CDK5RAP2 mutations were reprogrammed using lentiviral OCT4, SOX2, MYC and KLF4 
delivery. Following aggregation into embryoid bodies and embedding in Matrigel, these cells 

were maintained under conditions permissive to neuroectodermal differentiation. Reverse 

transcriptase PCR (RT-PCR) and immunohistochemistry confirmed the presence of discrete 

brain regions, including midbrain, hindbrain, forebrain and hippocampal structures within 

the tissues, as well as the sophisticated organization of dorsal cortical regions. Moreover, the 

organoids derived from these patient iPSCs had premature neural differentiation and failure 

of radial glial stem cell expansion, demonstrating their ability to serve as an in vitro model 

of a human neurodevelopmental disorder which had been difficult to recapitulate in mice 

[76].

Cerebral organoids have since been used to recapitulate some of the intricacies of human 

progenitor zone organization, where they develop well-defined outer subventricular zone 

(oSVZ)-like layers containing specialized outer radial glia cell (oRGC)-like regions [77]. 

This progenitor zone expansion is significantly reduced in rodents, and is believed to be 

important for the increased size and complexity of the human cortex [78, 79]. 

Reproducibility and homogeneity of cerebral organoid generation has been optimized by the 

development of miniaturized spinning bioreactors and the pre-patterning of embryoid bodies 

Wegscheid et al. Page 7

Exp Neurol. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to specific brain regions [77]. In this respect, telencephalic organoids have been developed 

from patient-derived iPSCs to model ASD. At the RNA level, organoids best reflect the 

expression patterns seen in the dorsal telencephalon during the first trimester of human fetal 

development, as well as altered GABA/glutamate levels, which was attributable to 

dysregulated FOXG1 expression in iPSC-derived organoids from ASD patients with 

macrocephaly [80]. Using this versatile technology, new insights into the pathogenic 

mechanisms underlying Zika virus exposure [77] and Alzheimer’s disease have emerged 

[81]. Further refinements in organoid generation may permit modeling of long-range 

functional connectivity, and ultimately identify potential convergence patterns of neuronal 

circuit dysfunction in complex disorders like NF1.

3.2 iPSCs for modeling patient-specific mutations

Learning and behavioral deficits vary greatly in phenotype and severity among individuals 

with NF1, and this clinical variability is thought to reflect, in some part, the specific patient 

germline NF1 gene mutation. In this regard, children with large NF1 locus microdeletions 

exhibit more severe clinical manifestations, such as dysmorphic facial features, 

developmental delay, and an elevated risk of malignant peripheral nerve sheath tumors 

(MPNSTs) relative to the general NF1 population [82]. We have recently generated the first 

collection of NF1 patient-derived iPSCs to examine the impact of the germline NF1 gene 

mutation on cognitive disability [83].

NF1 patient iPSCs were generated by Sendai virus reprogramming of primary fibroblasts 

and subsequently differentiated into neural progenitor cells (NPCs) (Fig. 4). All of the 

differentiated NPCs exhibited increased RAS activity and reduced cAMP levels relative to 

age and sex-matched controls. Interestingly, these changes in intracellular signaling pathway 

activity were independent of the levels of NF1 protein (neurofibromin) expression. In 

contrast, there was a striking positive correlation between neurofibromin expression and the 

levels of dopamine. This neurofibromin dose-dependent effect offers a potential explanation 

for the variability in cognitive disabilities detected among Nf1 genetically-engineered mice 

and the limited clinical success of therapeutics targeting dopamine homeostasis. Future 

research exploring genotype-phenotype correlations in NF1 would benefit greatly from the 

use of patient-derived iPSCs to further dissect the molecular repercussions of unique 

germline mutations on deregulated signaling pathways in specific human cell populations.

4. iPSCs for tumor modeling and drug screening

4.1 Brain tumor modeling

Optic pathway gliomas (OPGs) are seen in 15–20% of children with NF1, which are almost 

never biopsied as part of routine medical care [4]. NF1-OPG formation requires biallelic 

NF1 gene inactivation, in which the germline NF1 gene mutation is coupled with somatic 

loss of the one remaining functional NF1 allele in the presumed cell of origin for these 

tumors [84, 85].

Since these tumors are rarely biopsied, the majority of our understanding of NF1-OPG 

pathogenesis derives from the use of Nf1 GEM models. Mice heterozygous for a germline 
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Nf1 gene mutation [86], in which somatic Nf1 loss occurs in neuroglial progenitors, develop 

optic gliomas [87]. Importantly, Nf1 loss in neuroglial progenitor cells alone does not result 

in gliomagenesis: Tumor formation requires the presence of cells heterozygous for an 

inactivating Nf1 gene mutation [66]. This finding suggests that Nf1+/− stromal cells are 

important participants in tumor formation and maintenance [88]. One of these non-

neoplastic cell types in these tumors are microglia, immune system-like cells that mature 

within the developing brain [89]. Formal proof for the critical role for microglia in murine 

optic glioma formation and maintenance derives from studies in which pharmacologic or 

genetic inhibition of microglial function is sufficient to delay tumorigenesis and reduce 

tumor proliferation, respectively [90–92].

While these mouse tumors share many of the histologic and biologic features of their human 

counterparts, there are important differences. One difference relates to the level of microglial 

enrichment in gliomas, which is much smaller in mice (~10–15%) relative to human NF1-

low grade gliomas (35–50%) [93]. Recent advances in iPSC reprogramming enable the 

generation of human microglia-like cells, with expression profiles similar to both primary 

fetal and adult microglia [94]. Future studies using in vitro co-cultures containing NF1-

deficient human neuroglial progenitor cells in combination with NF1 patient-derived iPSC-

microglia may reveal new targets for future stroma-directed low-grade glioma treatments.

4.2 Neurofibroma modeling

Neurofibromas are benign peripheral nerve sheath tumors (PNSTs) that are thought to arise 

from Schwann cell progenitors. NF1-deficient Schwann cells isolated and cultured from 

patient surgical specimens [95, 96] have been grown as explants in immunocompromised 

mice to model tumorigenesis [2, 32, 97, 98]. In addition, Nf1 GEM models of cutaneous and 

plexiform neurofibromas have been developed [99–101]. However, these first-generation 

models do not fully recapitulate many of the features of the intact human neurofibromas.

To develop potential future human neurofibroma models, an in vitro 3D skin raft culture 

system was recently established in mice, allowing for more detailed examination of 

neoplastic and non-neoplastic cell interactions [102]. In this approach, 3D skin rafts were 

constructed from collagen type I and dermal fibroblasts supplemented with Nf1+/− nerve 

tissue or non-nerve tissue controls. Nf1-deficient skin-derived precursors (SKPs) gave rise to 

tumors with many of the classic features of human plexiform neurofibromas [102].

In vitro tissue modeling is a scalable and easily manipulated technology. Given the limited 

proliferative capacity of primary neurofibroma tumor cells in vitro, it would be ideal to 

incorporate the disease relevant cell types derived from expandable patient iPSCs into in 
vitro tumor models. Schwann cells have been successfully generated from human-derived 

induced pluripotent stem cells [98, 103], and 3D human iPSC systems for neurofibroma 

modeling are currently under development by Dr. Lu Le (UT-Southwestern, personal 

communication). These systems will potentially allow for more detailed characterization of 

host-specific tumor pathophysiology and could serve as a tractable preclinical platform for 

drug development and screening.
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5. iPSCs for neurorestorative therapy

Nearly half of children with NF1-OPG develop decreased visual acuity [104], which has 

been effectively modeled in Nf1 optic gliomas models [105–107]. However, mice rely more 

on smell than vision to navigate their environment [108], and the human retina and visual 

system is more complex than it is in mice [109, 110]. For this reason, future efforts devoted 

to therapies that aim to restore vision or prevent further declines in visual acuity might 

consider the use of reprogrammed pluripotent stem cells.

These reprogrammed cells could be used in one of two major ways. First, NF1 patient iPSC-

derived retinal ganglion cells (RGCs) could serve as drug screening platforms. As proof of 

concept, RGCs derived from a patient with genetically-inherited glaucoma exhibited a 

significant reduction in caspase-3 activation, an apoptotic indicator, upon treatment with 

neuroprotective factors BDNF or PEDF [111]. High-throughput screening assays have also 

been developed for iPSC-derived retinal pigment epithelium (RPE) cultured in 96- and 384-

well microtiter plates. These screening assays facilitate the monitoring of developmental, 

functional and disease-relevant gene expression in response to small molecule application, 

which could aid in the identification of therapeutic drugs for RPE-associated degenerative 

diseases in the future [112]. Second, pluripotent stem cell-derived RGCs could be used to 

replace degenerated retinal cells through autologous cell therapy. In proof-of-concept 

studies, human stem cell-derived RGCs were differentiated and transplanted into the retina 

by direct vitreous injection following mouse optic nerve injury. These transplanted RGCs 

were able to undergo terminal maturation, integrate into the retina, and lead to improvements 

in visual function [113, 114].

The use of autologously-transplanted retinal cells would require correction of the germline 

NF1 gene mutation prior to transplantation. Efficient site-specific gene editing technologies, 

such as TALENs [115], CRISPR/Cas9 [116], and zinc-finger nucleases (ZFNs) [117], have 

emerged as efficient methods to correct genetic defects. The correction of mutations in 

human iPSCs using gene editing technologies has already been reported for several diseases, 

including β-thalassemia [118], Duchenne muscular dystrophy [119], and Niemann-Pick 

Type C [120] and many more [121]. Moreover, these “repaired” iPSC-RGCs should not 

elicit an immune response when reintroduced, resulting in more successful engraftment.

6. Future directions

The availability of renewable sources of human cells has the potential to transform both 

research investigation and clinical practice for individuals with genetic disorders (Fig. 5). 

This is particularly relevant for disorders in which disease phenotypes involve organs and 

tissues that are not typically biopsied (e.g., brain) or where cells that underlie the particular 

medical problem cannot be easily propagated in culture. As such, patient-derived iPSCs are 

excellent complementary platforms, in conjunction with credentialed small-animal disease 

models, for studies aimed at disease modeling, drug discovery and cellular transplantation.

In addition, NF1 patient-derived iPSCs offer tools for precision medicine, in which 

investigations focused on specific germline NF1 gene mutations in the context of human 
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genomic variation can be performed. These types of studies will provide important insights 

into the impact of specific germline patient mutations on NF1 disease pathogenesis [81], as 

well as the effect of genomic differences in people that potentially contribute to clinical 

variability. For example, only when using isogenic stem cells engineered to harbor a mutant 

LRRK2 allele did researchers find that reduced alpha-synuclein (αSYN) levels were 

observed in derivative neurons. In striking contrast, no difference in αSYN levels was 

detected between LRRK2-mutant Parkinson’s disease patient-derived lines and non-

isogenic, healthy controls, which reflected the high variability of αSYN expression in 

healthy neurons [122]. The use of site-specific nucleases to correct mutations in NF1 

patient-derived iPSCs or introduce known patient NF1 gene mutations into control 

(isogenic) lines represent important approaches to understanding the contributions of 

germline genetics and background genomics to disease pathogenesis and response to 

therapy.

Another potential future application of iPSC technology is in the area of risk assessment. As 

the number of NF1 patient-derived iPSCs grows, one could envision the creation of an 

international repository for high-throughput cellular and molecular phenotyping. The use of 

RNA-sequencing, immunophenotyping with cell type-specific antibodies, and functional 

characterization with electrophysiology offer unprecedented opportunities to discover 

subgroups of patients most likely to exhibit specific NF1 clinical features or respond to 

specific therapies. This “fingerprinting” approach might facilitate the identification of 

individuals at greatest risk for particular problems in NF1 (biomarkers), as well as the 

development of personalized drug development strategies.

Similarly, the refinement of 3D organoid cultures for specific NF1 clinical features will be 

valuable for dissecting the complex interplay between different cell types relevant to disease 

pathogenesis and progression. The clear co-dependency between neoplastic and non-

neoplastic cells in the tumor microenvironment can be efficiently examined in human 

organoid cultures, and therapies that target the tumor ecosystem identified. Similarly, in the 

brain, where numerous neuronal populations contribute to learning and behavioral 

phenotypes in NF1, the use of “brain in a dish” approaches may reveal new targets for 

therapeutic drug design.

While the promise of iPSC technology shines bright, there remain unresolved issues. One 

significant challenge to the widespread application of iPSC technology involves the time 

investment and cost of establishing and differentiating patient-derived iPSC lines. 

Differentiation protocols for deriving various cell populations are numerous and often 

involve culturing in media supplemented with numerous, expensive growth factors, 

cytokines, and extracellular matrix molecules. Production of disease-relevant cell types in 

large quantities for drug screening and cell transplantation therapies necessitates 

standardization of practical protocols. In addition, genome instability of iPSCs during the 

reprogramming process [123], prolonged cell culture [124], or gene correction is another 

important concern, especially in populations destined for cell transplantation where genetic 

variations could lead to malignancy. Nonetheless, continual improvements in genome editing 

specificity [125], quality control and efficient reprogramming methodologies will 

undoubtedly provide new insights into the molecular and cellular etiologies of NF1, and 
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accelerate the development and translation of personalized and targeted therapeutics for 

patients with this condition.
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Highlight statements

• iPSCs provide a unique experimental platform for investigating the cellular 

and molecular etiologies of human neurodevelopmental abnormalities in NF1.

• iPSCs enable mechanistic studies aimed at understanding the effects of 

patient-derived NF1 gene mutations and genomic variations on human 

nervous system cell dysfunction.

• 3-dimensional organoid systems incorporating patient iPSCs may serve as 

tractable human models of NF1-associated brain and nerve pathology.

• iPSCs have the potential to enable improved preclinical drug identification 

and evaluation relevant to specific patients (personalized medicine), as well as 

serving as platforms for genome-edited cell transplantation therapy.
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Fig. 1. 
iPSCs can be generated from somatic cells by transcription factor-mediated reprogramming. 

Mouse fibroblasts and human dermal fibroblasts were originally reprogrammed by Shinya 

Takahashi and colleagues via retrovirus-mediated transfection of transcription factors 

Oct3/4, Sox2, c-Myc, and Klf4.
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Fig. 2. 
Patient-derived iPSCs can be generated by direct or indirect reprogramming of hair follicle 

keratinocytes, skin fibroblasts, urine-derived bladder epithelial cells, umbilical cord blood 

cells and peripheral blood cells. iPSCs can then be efficiently differentiated into the many 

distinct cell types that contribute to NF1 pathology using appropriate growth factors, 

cytokines, and extracellular matrix molecules. In this manner, iPSC-derived Schwann cells 

can be used to model malignant peripheral nerve sheath tumors (MPNSTs) and 

neurofibromas, while reprogrammed neurons can be employed to investigate the molecular 

etiologies of learning disabilities, autism spectrum disorder (ASD), attention-deficit-

hyperactivity disorder (ADHD) and motor delays. Neurons, microglia and astrocytes 

comprise tumor microenvironments, and can enable modeling of optic pathway and 

brainstem gliomas, whereas reprogrammed retinal ganglion cells (RGCs) may be useful to 

evaluate the pathogenesis of optic glioma-associated RGC loss. Lastly, iPSC-derived 

oligodendrocytes can be employed to investigate the pathogenesis of the T2-weighted 

hyperintensities commonly found on magnetic resonance imaging (MRI) scans in young 

people with NF1.
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Fig. 3. 
(A) Indirect reprogramming of human biopsy samples requires the generation of an 

intermediate pluripotent population and can leverage both transgenic and transgene-free 

methods. Retroviral and lentiviral vectors can be used for the delivery and integration of 

reprogramming factors, whereas adenoviral vectors, Sendai vectors, episomal vectors, 

mRNA, protein and small molecules utilize transgene-free cellular reprogramming 

approaches. (B) Direct reprogramming bypasses a pluripotent intermediate stage, and can 

produce post-mitotic neurons from terminally-differentiated somatic cells using lentiviral 

microRNA transduction.
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Fig. 4. 
Schematic of systems for culturing patient-derived cerebral tissues. iPSCs are aggregated 

into embryoid bodies to allow for deposition of matrix and the formation of dense tissues. 

The generation of differentiated neurons involves the transfer of embryoid bodies to 

adhesive plates to allow for neural rosette formation. Neural rosettes are dissociated and 

differentiated into neural progenitor cells (NPCs), which can be further differentiated into 

various types of post-mitotic neurons. Representative cultured NPCs and post-mitotic neuron 

express TUJ1 (green). The generation of cerebral organoids involves the transfer of 

embryoid bodies to Matrigel, and then neural induction in stationary culture. After sufficient 

expansion of the resulting neuroepithelium, samples are transferred to a rotating suspension 

culture to promote nutrient diffusion and further organoid maturation. Mature organoids are 

subsequently collected for molecular and cellular analyses. Representative organoids express 

VIMENTIN (green) and FOXG1 (red). Nuclei are counterstained with DAPI (blue).
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Fig. 5. 
iPSCs can be differentiated into NF1-relevant cell types (neuroglial progenitors, Schwann 

cell progenitors and retinal ganglion cells) for disease modeling and drug discovery. In 

addition, CRISPR/Cas9 gene editing technology can be utilized to correct germline 

mutations in retinal ganglion cells for gene therapy in patients with visual impairment.
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