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ABSTRACT 
 

 Neurofibromatosis Type 1 (NF1) is a complex, yet relatively common, monogenic 

disorder that can lead to a variety of detrimental phenotypes. However, the mechanisms behind 

these manifestations of the disease are still not understood. Neurofibromas are one such hallmark 

feature; they have been found to consist of a variety of cell types, but the homozygous 

inactivation of the NF1 gene in Schwann cells specifically has been confirmed to be sufficient 

for neurofibroma formation. Although Schwann cells and their transformation play a major role 

in NF1, very few studies have detailed the alternative splicing in the NF1 gene or the effects of 

NF1 isoform expression in relation to this cell type. The aim of this study was to detect any 

differences in expression levels of NF1 alternatively spliced exons (ASEs) and Schwann 

maturation markers as mesenchymal stem cell lines derived from several NF1 swine models 

differentiate into Schwann cells. The results of this study executed a preliminary assessment of 

the role played by ASEs over time, but particularly detected some fluctuations of the 

alternatively excluded exons 4S, 44S, and 51S. Some changes in expression were observed 

between genotypes and between time points that can be expanded on by further studies.  
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INTRODUCTION 

 

 Neurofibromatosis type 1 (NF1) impacts approximately 1 in 3,000 people globally, 

making it one of the more common monogenic disorders. This autosomal dominant disease 

manifests with various phenotypes such as cardiovascular and bone dysfunction, cognitive and 

behavioral disorders, and nervous system tumors (Gutmann et al., 2017). Effects of NF1 

commonly present cutaneously in the form of neurofibromas and cafe au lait macules, to name a 

few (Allaway et al., 2018). Greater severity of the disease can present as cognitive abnormalities, 

bone disorders, cardiovascular issues, and nervous system tumors.  

Over 3,000 mutations of the NF1 gene have been linked to the NF1 disease, yet, more 

specific parallels between genotypes and phenotypes are not well understood, making 

therapeutic endeavors difficult (Koczkowska et al., 2017; Quintáns et al., 2011). However, 

alternative splicing dysregulation is implicated in development, tissue specificity, and expression 

of disease (Barron et al., 2011). Due to its large size, containing 61 exons, the NF1 gene is 

unsurprisingly prone to splicing dysregulation. In the human NF1 gene, there are four 

alternatively spliced exons (ASEs) that have been clearly identified: 11alt12 (a12), 12alt13 

(a13), 30alt31 (a31), and 56alt57 (a57) (Anastasaki et al., 2017). Exons 4, 44, and 51 are also 

found to be excluded in some cases, but are not studied as commonly as a12, a13, a31, and a57. 

These will be referred to in this paper as 12I, 13I, 31I, and 57I. Other than 31I, it is still unclear 

how these ASEs lead to the variety of phenotypes seen in NF1 patients. Observing shifts in the 

relative expression of these neurofibromin isoforms because of NF1 gene mutations is 
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important because it may lead to some clues on their influence over phenotype of the disease or 

tumor growth.  

It is currently unknown how shifts in isoform expression impact phenotype, and very few 

studies have focused on identifying alternative splicing in the NF1 gene or the effects of NF1 

isoform expression (Biayna et al., 2021; Pros et al., 2010). Even more so, alternative splicing has 

not been well-documented in swine. Mouse models have been useful in studying splicing in 

some neurological diseases, but the similarities between mice and humans become limited as 

splicing only occurs in approximately 63% of genes compared to almost 100% in humans (Lee et 

al., 2015). This subsequently leads to differences in genotype-phenotype relations when studying 

mutations present in NF1. On the other hand, swine models present the opportunity to answer 

many questions due to their vast biological, anatomical, and physiological similarities to humans 

(Schomberg et al., 2016; Schachtschneider et al., 2019). Our lab has found variations in 

expression related to age (newborn vs. adult) and sex (male vs. female) and has discovered that 

13I is not expressed in any porcine tissues (data not shown). The other six ASEs found in 

humans have equivalent genomic DNA in swine, and the alternative splicing patterns of genes in 

pigs and humans are closely related, which is promising for endeavors to discern reasoning for 

different phenotypic displays (Nygard et al., 2010).  

Our lab has created swine models with the genotypes detailed in Figure 1. Stem cells 

have been obtained from these swine models in order to perform experiments in vitro. This 

study uses primary adipose-derived mesenchymal stem cells (MSCs) from four distinct 

genotypes of swine to evaluate the changes in NF1 ASE expression during Schwann cell 

differentiation. These genotypes were a conventional wild-type (WT), a Wisconsin Miniature 
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Swine (WMS) WT, a conventional swine with heterogeneous (+/-) NF1 genotype, and a further 

gene edited NF1 (-/-) cell line created from the NF1 (+/-) MSCs. Gene expression of Schwann 

cell markers and NF1 ASEs was determined by RT-qPCR. Proliferation rates and phenotypic 

changes were also evaluated. 

 

A substantial motivation for this study stems from the composition of neurofibromas, a 

distinguishing feature of NF1. These consist mainly of Schwann cells and fibroblasts along with 

proportions of other cell types such as mast cells, vascular endothelial cells, and collagen 

(Overdiek et al., 2008; Liao et al., 2018). Between Schwann cells and fibroblasts, it has been 

found that homozygous inactivation of the NF1 gene in Schwann cells is sufficient for tumor 

generation (Zhu et al., 2002). In the peripheral nervous system, Schwann cells make up the 

myelinating nerve support tissues in the myelin sheath surrounding nerves. Because of the large 

role Schwann cells and their transformation play in NF1 and neurofibromas, they are a potential 
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target for therapies. We have not isolated pure populations of Schwann cell lines from our 

swine models, therefore, the methods used in this study have been developed to differentiate 

MSCs into Schwann cells to more precisely study NF1 expression of a pure population of 

specific cells. The expression of NF1 isoforms in swine over the course of the MSC to Schwann 

cell differentiation period has not yet been explored, and the alternative splicing patterns in 

swine have not been compared to humans. This study sought to answer questions regarding how 

alternative splicing in NF1 is involved at the basic biological and cellular level in Schwann cells, 

the most critical cell involved in the formation of neurofibromas. To begin to address this 

knowledge gap, this study aimed to determine the expression levels of NF1 ASEs as MSCs are 

differentiating into Schwann cells and to evaluate how Schwann cell markers change in NF1 cell 

types as they differentiate. 
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METHODS 
 

Isolation of MSCs 

 MSCs were isolated from WT and NF1 swine following established protocols (Chen et 

al., 2016). The NF1 Trunc +/- genotype was used, in addition to a clonal NF1 Trunc -/- line of 

MSCs derived from NF1 Trunc +/- MSCs using CRISPR/Cas9 RNPs (IDT, Coralville, IA) and 

transfected using the Neon® Transfection System (Thermo Fisher Scientific). Single cell sorting 

was performed, and robust clonal populations were confirmed to be NF1 -/- using Sanger 

sequencing before being used alongside the other genotypes. The NF1 Trunc mutation contains 

a single nucleotide deletion in exon 1, resulting in a premature stop codon and greatly truncated 

protein product. It should be noted, however, that mRNA is still expressed and therefore detected 

by our RT-qPCR assay even though functional protein is not present in the cell.   

 

Cell Culture: MSC differentiation into Schwann Cells  

 WT, Wisconsin Mini Swine (WMS) WT, NF Truncation +/- (NF Trunc +/-), and 

NF Truncation -/- (NF Trunc -/-) MSCs were distributed into three wells of a six-well plate at 

a density of 2 x 105 cells and a separate 10 cm plate was also maintained throughout the 

20 days of the study. Cells were initially maintained in media containing serum-free Dulbecco’s 

modified Eagle's medium (DMEM), 10% fetal bovine serum (FBS), 1% penicillin-streptomycin 

(P/S), and glutamax at 37° C under an atmosphere of 5% CO2. After at least two passages, the 

cells were exposed to pre-induction media containing DMEM, 1mM β-mercaptoethanol, and P/S, 

which marked Day 0 of the differentiation study. Pre-induction media I was replaced with pre-
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induction media II consisting of DMEM, 3.5 ng/mL retinoic acid, 10% FBS, and P/S. All four 

cell lines remained in pre-induction media II for three days, with half media changes on each of 

those days. On Day 4, all cells were induced with complete Schwann differentiation media 

containing DMEM, 10% FBS, 5 µM Forskolin, 200 ng/mL Human heregulinβ-1, 10 ng/mL basic 

fibroblast growth factor (bFGF), 5 ng/mL platelet-derived growth factor, and P/S. The cell lines 

remained in this media formulation until Day 20 with half and full media changes every two 

days interchangeably. This process is detailed in Figure 2.   

The 6-well plates were detached using TrypLE, and the contents of each well was 

transferred to a 1.5 mL tube and spun down at 300g in a microcentrifuge. After the cell pellet had 

formed, the existing media was taken out and replaced with 1 mL media. The pellet was 

resuspended, and the cells were counted using a hemocytometer. 1x105 cells were re-plated in 

each well. The remaining cells were flash frozen in liquid nitrogen, then stored in a -80° C 

freezer until needed for RT-qPCR. Samples were collected using this method on Day 0, Day 4, 

Day 8, Day 12, Day 16, and Day 20.  
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Imaging  

 Images at 4x and 20x magnification were captured every 4 days, as shown in Figure 2, 

using the Cytation 5 cell imaging multi-mode reader (BioTek). 

 

Primer design  

 The swine genome assembly (Sscrofa11.1) and the human genome assembly 

(GRCh38.p10) were aligned, and the target NF1 exons were identified in reference to the 

current NF1 nomenclature (Anastasaki et al., 2017; Rubinstein et al., 2021). The primers that 

were designed were located within the intronic regions surrounding the NF1 exons. Phusion 

High-Fidelity Polymerase (ThermoFischer) was used to make PCR amplicons and were then 

submitted for Sanger sequencing.  
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 RT-qPCR primers were designed to detect ubiquitous exons, Alternatively Included 

Exons only, or Alternatively Excluded Exons only (Appendix A: PCR Primer table). Serial 

dilutions were performed in order to generate standard curves for 12I, 31I, 57I, and the 

references genes TBP, PPIA, and RPL4 to determine valid working ranges and efficiency values 

for these primer sets (Appendix B).  

 

RT-qPCR 

 Total RNA was extracted from the frozen cell samples using a Quick-RNA Microprep 

Kit (Zymo Research) and analyzed using a Nanodrop 2000 (ThermoFischer). The RNA was 

converted into complementary DNA (cDNA) with the iScript™ cDNA Synthesis Kit 

(BioRad). RT-qPCR was performed using the CFXconnect Real-Time PCR Detection System 

(BioRad). Technical triplicates of each sample were performed to determine the NF1 ASE and 

Schwann differentiation marker expression levels at each time point. Three validated swine 

reference genes were used to normalize target expression levels (PPIA, RPL4, TBP) (Park et al., 

2015). Schwann cell maturation gene expression was determined using Ngn2, Pitx3, p75, and 

s100b.  

The 16 primers are identified as: 12I, 31I, 57I, 12B, 31B, 57B, 4S, 44S, 51S, Ngn2, 

Pitx3, p75, s100, PPIA, RPL4, and TBP.  ‘I’ denotes an inclusion ASE, ‘S’ denotes an excluded 

ASE, and ‘B’ denotes constitutively expressed NF1. 
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RESULTS 
 

Identification of MSCs and Schwann cell-like cells  

Prior to induction of Schwann cell differentiation, the MSCs are identifiable by a 

rounded-spindle shape. As differentiation occurred over the 20-day period, the Schwann-like 

nature of the cells can be identified by a narrower bipolar or tripolar structure. The increase in 

dark circular cell structures seen in the NF Trunc -/- images may indicate cells with this genotype 

did not adhere as tightly to the plate as the other cell lines (Figure 3). It should also be noted 

that the homozygous cells initially express more bipolar and dendritic morphological features, 

while most of the other cell lines did not express these shapes until further along into 

differentiation.  
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 Cell growth rates did not change appreciably over time; however, the growth rate of the 

WT cell line did increase significantly and consistently as compared to the other three cell lines 
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as seen in Figure 4. We can also observe that the NF Trunc -/- cell lines seem to have cell counts 

significantly lower than the other cell lines, while NF Trunc +/- has significantly higher cell 

counts in relation to NF Trunc -/-. The WMS cell line also shows a significant decrease in cell 

count relative to the other cell lines.  

 

 

RT-qPCR Results 
 All RT-qPCR results are calculated and displayed relative to the expression levels of the 

three reference genes (TBP, RPL4, PPIA). Therefore, the graphs are displayed in an inverted 

fashion, with increasing numbers (i.e. longer bars) along the logarithmic y-axis indicative of 

decreasing expression. Two graphs were created for each isoform or marker: one to visualize the 

differences between genotypes on each day of data collection (left), and one to compare the 
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differences within each genotype on each day of data collection (right). Each data point is an 

average of three wells of a 6-well plate. Error bars representing +/- one standard deviation are 

also presented, along with significance depicted with asterisks detailed in Table 1.  

 

Total NF1 mRNA expression  

The total NF1 expression in NF Trunc -/- was significantly lower than NF Trunc +/- on 

Day 8 (Figure 5A). Expression decreased from Day 0 to Day 20 in both NF Trunc +/- and NF 

Trunc -/- (Figure 5B).  

 

 

 

mRNA expression of Alternatively Included Exons  

The expression of 12I was significantly different on Day 8 between the WT and WMS 

genotypes, WT and NF Trunc +/-, and WT and NF Trunc -/- (Figure 6A). NF Trunc -/- exhibited 

the highest expression of 12I, and WT the lowest on Day 8 of differentiation. Between days, 12I 
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significantly decreased from Day 8 to Day 20 in the WT cell line, and significantly increased 

between Day 0 and Day 8 in the NF Trunc +/- cell line (Figure 6B).  

No significantly different expressions of 31I were found between genotypes during the 

progression of differentiation, but the expression of 31I in the NF Trunc +/- genotype 

significantly decreased from Day 0 to Day 20 (Figure 6C). This same result was found in the 

NF Trunc -/- genotype as well.  

Expression of 57I only showed significantly different results between cell lines on Day 

20 (Figure 6E). NF Trunc +/- showed significantly more 57I expression than NF Trunc -/- and 

WMS. WT expressed more 57I than NF Trunc -/- as well. 57I decreased from Day 0 to Day 20 

in all 4 genotypes, the most significant being observed in NF Trunc +/- (Figure 6F). 
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mRNA expression of Alternatively Excluded Exons 

 The expression of 4S was significantly higher in WMS compared to WT, NF Trunc +/-, 

and NF Trunc -/- (Figure 7A). However, on Day 20 of differentiation WMS expressed lower 

levels compared to WT and NF Trunc -/-. On this same day, WT and NF Trunc -/- expressed 

significantly higher expression levels compared to NF Trunc +/-. The NF Trunc +/- genotype 

expressed a significantly lower level of expression of 4S from Day 0 to Day 20, while the WMS 

genotype showed the same result but with significant decreases in expression from Day 0 to 

Day 8 and from Day 8 to Day 20 (Figure 7B).  

 44S expression in WMS was significantly lower than NF Trunc +/- and -/-, and 

expression in WT was also significantly lower than NF Trunc -/- (Figure 7C). WT and WMS 

exhibited lower expressions of 44S as compared to NF Trunc -/- on both Day 8 and Day 20. 

There was an increase in expression between Day 8 and Day 20 in the WT cell line (Figure 7D).  

 The expression of 51S in NF Trunc +/- and -/- was lower than in WMS on Day 8 and Day 

20 (Figure 7E). On Day 20, 51S expression in NF NF Trunc -/- was lower than WT, and lower in 

NF Trunc +/- compared to WMS and WT. Over the differentiation period, 51S expression 

increased in the WT, WMS, and NF Trunc +/- genotypes (Figure 7F).  
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Schwann cell maturation gene markers  

 Ngn2 expression was higher in the WT cell line as compared to the NF Trunc -/- cell line 

and was highest in WT on Day 8 (Figure 8A, 8B). p75 expression was lowest in WMS on Day 0 



 20 

compared to the other cell lines and increased significantly from Day 0 to Day 20 (Figure 8C). 

WT and NF Trunc +/- expressed more p75 from Day 0 to Day8, and NF Trunc +/- also expressed 

more p75 on Day 20 compared to Day 0 (Figure 8D). WMS also showed the same trend as 

observed in NF Trunc +/-. Pitx3 expression was significantly lower in NF Trunc -/- compared to 

the other three genotypes (Figure 8E).  

The expression of s100b in NF Trunc -/- was lower than in WT on Day 0. On Day 8, NF 

Trunc -/- showed lower expression than WMS and NF Trunc +/- (Figure 8G). WT and NF Trunc 

+/- showed lower expression than WMS. NF Trunc -/- continued to show lower s100b 

expression than NF Trunc +/- and WMS on Day 20, and so did WT as compared to WMS. 

Expression of s100b in WMS, NF Trunc +/-, and NF Trunc -/- was lower at Day 0 compared to 

Day 8 or 20 (Figure 8H).  
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Statistical Analysis 
  Significance was determined by ANOVA with Tukey-Kramer HSD Post Hoc tests using 

a software program from https://acetabulum.dk/anova.html powered by R.  

 

Table 1: p-value and significance level designations for various asterisk annotations. 

Significance Level Annotations 

Annotation p-value significance level 

***** (0, 0.00001) 0.00001 

**** (0.00001, 0.0001) 0.0001 

*** (0.0001, 0.001) 0.001 

** (0.001, 0.01) 0.01 

* (0.01, 0.05)) 0.05 
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DISCUSSION 
 
 The expression levels of NF1 ASEs and Schwann cell markers as MSCs differentiated 

into Schwann cells were measured to find associations potentially relevant to 

neurofibroma development. Methods for differentiating MSCs into Schwann cells have 

been well established but measuring the expression levels of isoforms and maturation 

markers at different time points over 20 days in cells derived from swine has never been done 

before. Particularly, this is one of the first studies to observe changes in alternatively excluded 

exons 4S, 44S, and 51S. These have not been studied in any NF1 models, including swine.  

The results show significant decreases in 4S and 51S in most cell lines, which may solely 

be indicative of the MSCs becoming more specialized as they differentiate, since literature 

suggests that these ASEs are not normally skipped in more mature phenotypes (Vandenbroucke 

et al., 2002). There is a difference in expression levels in these ASEs, but further studies will be 

necessary to confirm the exact role they are playing. The WMS cell line presents substantially 

different expression patterns than the other three cell lines in 4S and 51S which may be 

attributable to the different expression profiles expected from various cell types and species 

compared to WT. In addition, WMS showed significant differences in cell count over the 

differentiation period (Figure 4) which may also support the claim that WMS behaves 

alternatively to conventional cell lines. NF1 swine models in conventional swine do not display 

NF1 symptoms as frequently or as severely as miniature swine, which could be at play with the 

differences seen in 4S (Schomberg et al., 2016). We can also observe a deviation in cell count 

when comparing the NF Trunc -/- genotype to the other cell lines. Combining information about 

morphology and cell counts from Figure 3 and 4 suggests that the homozygous cell line may be 
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differentiating into a neuronal lineage more easily or more quickly than the other cell types. The 

cell count data of the NF Trunc +/- cell line provides support for this, as the cell counts were 

significantly higher than NF Trunc -/- during most time points, suggesting differences in 

behavior in a double-knockout cell line.  

 In regard to inconsistencies found during the study, the results show an observable 

decreasing trend in 31I. The results show that 31I decreases significantly over the differentiation 

period of 20 days in NF Trunc +/- and NF Trunc -/-. Other reports have suggested that 31I 

increases in Schwann cells, so this might suggest that differentiation was not complete during 

these experiments. However, there are some noticeable morphological changes in each cell line 

over the 20-day differentiation period. This is indicative that there was some form of 

differentiation and that the cells were transforming phenotypically, but that the markers used 

may not be detecting the specific changes taking place. This may warrant investigation into 

different markers that are able to characterize the unidentifiable differentiation. For example, 

since there were no significant changes in Pitx3 or Ngn2, it is difficult to conclude that the 

intended Schwann differentiation took place. In addition, significant decreases in p75 and s100b 

were observed over time which further supports that some sort of differentiation was occurring 

but may not have been towards the Schwann cell type expected.  

The 57I ASE significantly decreased from Day 0 to Day 20 for each genotype, which is 

consistent with what was expected according to literature. Since 57I is only really expressed in 

muscle tissue, the decrease seen in all genotypes is expected as MSCs differentiated into 

Schwann cells. Again, this result is indicative that some form of differentiation is occurring. The 

results depicted may be explained by a potential problem with growth factors or handling time. 

Since there was no explicit positive control used to verify the integrity of the growth factors, we 
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cannot be sure that these were performing optimally. Additionally, MSCs and Schwann cells are 

sensitive to changes in environmental conditions, so exposure to conditions different from the 

incubator for extended periods of time during counting and passaging may have contributed to 

some of the deviations observed. It would also be important to repeat these methods using cell 

lines collected from multiple animals to confirm that the results seen are not specific to a single 

animal or cell line conditions. 

 Evaluating the study as a whole, it is clear that some form of differentiation and changes 

in NF1 ASE expression were occurring. Extending the differentiation period until Day 20 was 

purposefully pursued despite the normal period of approximately 14 days. The aim of this study 

was to look for differences in expression, and since there were observable shifts up until Day 20, 

it may be worthwhile to repeat the induction timeline detailed in Figure 2. Being able to map out 

changes in expression of these alternatively excluded and included exons could be helpful to 

understanding the impacts of certain mutations in order to determine how to target therapies. 

This study accomplished a preliminary examination of the role played by the alternatively 

excluded exons 4S, 44S, and 51S; changes in expression were observed between different 

genotypes and between time points that pave the way for additional studies to better our 

understanding of these NF1 ASEs.  
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Appendix A: NF1 ASE Primer Table 
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Appendix B: Primer standard curves for select isoforms and references genes developed 
previously by the lab 
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