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We investigated the feasibility of utilizing an exon-skipping
approach as a genotype-dependent therapeutic for neurofibro-
matosis type 1 (NF1) by determining whichNF1 exonsmight be
skipped while maintaining neurofibromin protein expression
and GTPase activating protein (GAP)-related domain (GRD)
function. Initial in silico analysis predicted exons that can be
skipped with minimal loss of neurofibromin function, which
was confirmed by in vitro assessments utilizing an Nf1
cDNA-based functional screening system. Skipping of exons
17 or 52 fit our criteria, as minimal effects on protein expres-
sion and GRD activity were noted. Antisense phosphorodiami-
date morpholino oligomers (PMOs) were utilized to skip exon
17 in human cell lines with patient-specific pathogenic variants
in exon 17, c.1885G>A, and c.1929delG. PMOs restored func-
tional neurofibromin expression. To determine the in vivo
significance of exon 17 skipping, we generated a homozygous
deletion of exon 17 in a novel mouse model. Mice were viable
and exhibited a normal lifespan. Initial studies did not reveal
the presence of tumor development; however, altered nesting
behavior and systemic lymphoid hyperplasia was noted in pe-
ripheral lymphoid organs. Alterations in T and B cell fre-
quencies in the thymus and spleen were identified. Hence,
exon skipping should be further investigated as a therapeutic
approach for NF1 patients with pathogenic variants in exon
17, as homozygous deletion of exon 17 is consistent with at least
partial function of neurofibromin.

INTRODUCTION
Neurofibromatosis type 1 (NF1) is one of the most common auto-
somal dominant neurological disorders and is caused by pathogenic
variants in the neurofibromin (NF1) gene. The NF1 gene spans
more than 282,000 bases of genomic DNA and encodes a large, multi-
domain protein named neurofibromin, containing a GTPase acti-
vating protein (GAP)-related domain (GRD).1 Haploinsufficiency
and subsequent disruptive mutations on both alleles leads to a pheno-
type that can variably affect the skin (café-au-lait macules [CALMs],
axillary freckling, hyperpigmentation, cutaneous neurofibromas), the
eye (Lisch nodules and optic glioma), skeleton (dysplasias and scoli-
osis), and peripheral and central nervous systems (PNS and CNS)
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(cognitive disabilities, motor delays, gliomas, neurofibromas). Malig-
nant peripheral nerve sheath tumors may also develop, with poor
prognosis. Mutation analysis has been available for diagnostic pur-
poses for the past 20 years. Almost 2,900 pathogenic variants have
been reported in the Human Gene Mutation Database (HGMD,
http://www.hgmd.org). While there are few hotspots, as pathogenic
variants are found all along the gene, most lead to lack of full-length
protein expression due to gene deletion, premature stop gain, frame-
shift, or abnormal splicing.

Despite its high prevalence (occurring in approximately 1 of 2,000–
3,000 births),2,3 there are few effective therapeutics for NF1. Most
currently available drugs being tested to treat NF1 are targeted at tu-
mors and have focused on blocking Ras signaling or interfering with
intercellular communication. MEK inhibitors such as selumetinib
have demonstrated effectiveness for patients who respond and can
tolerate treatment; however, not all patients benefit, plexiform neuro-
fibromas do not completely disappear, and there can be significant
side effects.4 Additional treatments that can be used alone or in
conjunction with MEK inhibitors are therefore needed. One possible
therapeutic class includes exon skipping, which utilizes specific anti-
sense oligonucleotides (ASOs) to bind the target pre-mRNA through
base pairing in a way that induces altered RNA splicing, causing the
splicing machinery to “skip” one or more exons carrying a patholog-
ical variant. The resulting mRNAs are then translated into shortened
proteins that—in the case of successful therapy—are able to compen-
sate the loss of critical function as a consequence of the genetic
change. Antisense-directed gene therapy for exon skipping has been
successfully tested for the treatment of a number of diseases,5 most
notably Duchenne muscular dystrophy (DMD).6 The Food and
Drug Administration (FDA) has approved three exon-skipping ther-
apies for DMD, eteplirsen (brand name Exondys 51) for ASO-based
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Figure 1. In silico analysis of NF1

Domain: exons that contribute to the formation of a known (or suspected) functional protein domain. Note that the C-terminal domain includes the nuclear localization signal

and the binding region for Syndecans. Exon #: exon number. We utilized the exon-numbering nomenclature as outlined in LRG_214. Exons (E) that underwent in-depth in

silico analysis and that were tested in vitro are marked with a dark border. In-Frame?: Single exons that, when skipped, produce an in-frame deletion (without producing a

missense mutation) are marked in green. Single exons that, when skipped, produce a frameshift, leading to a truncated protein, are marked in red. The same holds for

consecutive exon pairs that when skipped individually lead to a frameshift but when skipped together result in an in-frame deletion. Note that deletion of exon 1 (marked gray)

is in frame. Skipping of exons 56 and 57 (marked gray) maintains reading frame but creates a missense mutation. Length: number of nucleotides contributed by each exon.

The longer the exon, the higher the probability that it provides crucial functionality to the protein and the darker the color code. Patient: we mined the LOVD 3.0 (Build 21) for

reports of genomic variants with individual exons deleted and report here the number of such entries. Moreover, we searched the literature for patients with individual exons

skipped/deleted. Here, we mark an exon in dark red if a patient with NF1 has been reported that has that exon deleted in transcripts due to a mutation. PTM: exons with

known, experimentally verified post-translational modifications (PTMs), in particular phosphorylation, ubiquitination, and acetylation (in human and/or murine tissue). We view

phosphorylation as likely more important for NF1 function than other PTMs. Consequently, exons containing residues that have been experimentally verified to be phos-

phorylated are marked in dark red, while all others are marked in pink. Numbers refer to the number of modified residues in a given exon. Note that, with few exceptions, most

were obtained through high-throughput proteomic mass spectrometry. Source: Phosphosite Plus, UniProtKB, and Kinexus. Accessibility: number of the amino acids (asso-

ciated with a given exon) that are predicted to be exposed. Prediction obtained from PROFacc using PredictProtein. Disorder: number of disordered residues. Amino acids

are counted toward the exon that provides at least two nucleotides. Prediction obtained fromMD (MetaDisorder). MD results are provided as part of the PredictProtein output.

MD includes four predictors, namely PROFbval, DISOPRED2, Ucon, and NORSnet.We summarize the output (MD2st; the two-state prediction byMD) for each exon. NORS:

percentage of Non-ORdinary Secondary structure, i.e., unstructured loops, contributed by each exon. This is obtained using NORSnet. Avg. Cons.: average conservation

score for each exon as calculated by ConSurf. # Max. Cons.: number of amino acids with the highest conservation score for each exon as obtained from ConSurf. Asterisk

indicates that exon 31 is alternatively spliced and pathogenic variants have not been reported in databases. Black boxes ( ) indicate that exon 31 was not analyzed in

silico. Bold outlined boxes ( ) indicate exons selected for cDNA screen.
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dystrophin exon 51 skipping,7,8 golodirsen (Vyondys 53) for dystro-
phin exon 53 skipping,9 and casimersen (Amondys 45) for dystrophin
exon 45 skipping.

To evaluate the feasibility and potential utility of exon skipping as a
therapeutic for NF1, we determined which regions, if any, could be
removed or skipped while retaining normal expression and crucial
GRD function of the neurofibromin protein. To this end, we evalu-
ated NF1 (RefSeq: NM_000267.3) in silico, in vitro, and in vivo to
test the effects of deletion/skipping of specific exons on neurofibro-
min function. As proof of concept, ASOs to skip exon 17 were eval-
uated in NF1 wild type (WT) and mutant human cell lines. ASOs
demonstrating the highest fidelity in exon 17 skipping and restoration
of neurofibromin expression and function were validated confirming
the feasibility of this assay in a cell-based system. Validation on the
organismal level was performed by deletion of exon 17 (DelE17)
in vivo in a nullizygous mouse model to show that this exon is not
required for at least partial neurofibromin function. DelE17 results
in a viable adult mouse with normal lifespan and no evidence of tu-
mors, but lymphoid proliferation was present in multiple organs.
Collectively, our data provide a proof of concept that loss of exon
17 does not completely inhibit neurofibromin function but may alter
its signaling properties in lymphoid subsets, requiring further inves-
tigation of targeted exon-skipping therapeutics in preclinical mouse
models.
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RESULTS
In silico analysis and prioritization of exons

Figure 1 representsNF1 exons and various protein domains, including
the GRD encoded by exons 27–35. Herein we label the exons consec-
utively 1 through 58, although other annotations have been used his-
torically.10 Initial evaluation of the NF1 transcript identified 25 single
and an additional 18 consecutive exon pairs that could be skipped
while maintaining the translational reading frame (covering 43 of 58
exons). This represents a significant portion (74%) of the transcript
that is potentially available for exon-skipping therapeutics.

We searched the literature and publicly available datasets (Leiden
Open Variation Database [LOVD] and HGMD) for reports of NF1
patients with identified pathogenic variants that produced exon skip-
ping or deleted exons in the mature mRNA. Analysis indicates that 49
out of the 58 individual exons can be found deleted or skipped in pa-
tient transcripts. From those that can be deleted while maintaining
the reading frame, only four exons did not appear in our search,
namely exons 17, 25, 31, and 52. As exon 31 also lacks pathogenic var-
iants (none have been reported in databases), we excluded this exon
from further analysis (denoted by black boxes in Figure 1), as it would
not be a therapeutic target for exon skipping. Exon 31 is alternatively
spliced and is present in isoform 2 but not in isoform 1. The remain-
ing exons (17, 25, and 52) were prioritized for in vitro analysis. Of the
consecutive exon pairs that might be skipped in combination and
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retain reading frame (6/7, 7/8, 15/16, 18/19, 29/30, 37/38, 42/43, 44/
45, 50/51, 56/57), only 6/7 and 44/45 skipping/deletion have been re-
ported in NF1 patients (documented in the University of Alabama at
Birmingham [UAB] Medical Genomics Laboratory and University of
Florida Laboratory, respectively; but not in public databases). Our
findings for single exons are summarized in Figure 1 (row “Patients”)
and Table S1A–S1C (“exon deletions—sources and phenotypes”).

Next, we evaluated exon length, since longer exons encode larger por-
tions of the protein (see Figure 1, row “Length (nts)”). For instance,
the longest exon is exon 21 with 441 nucleotides and was found
deleted in NF1 patients, suggesting that it is essential. Additional
long exons had already been excluded due to their skipping intro-
ducing a frameshift or known pathogenicity from reported NF1 pa-
tients. Prioritized exons 17, 25, and 52, for which no patients have
been reported with skips or deletions, have similar lengths between
117 and 156 nucleotides, with a median of 135 nucleotides.

Since protein function is often associated with protein post-transla-
tional modifications (PTMs), we gathered information about the
exon localization of experimentally verified PTMs, in particular phos-
phorylation, ubiquitination, and acetylation (sources: Phosphosite
Plus, UniProtKB, and Kinexus). Given that phosphorylation is the
most common PTM, we consider phosphorylation as likely more
important for neurofibromin function than other PTMs. Conse-
quently, exons containing residues that have been experimentally
verified to be phosphorylated are highlighted (Figure 1, row
“PTMs,” marked dark red), while numbers refer to the number of
modified residues in the respective exon. Most phosphorylation
data were obtained through high-throughput proteomic mass spec-
trometry, and neither the function of phosphorylated residues nor
the responsible kinase are known. Six phosphorylation sites have
been reported for exon 52, including positions T2554 by protein
kinase A11 and Y255612 with known functional roles; pathogenic
missense variants have not been reported at these sites. There are
no known PTMs of residues in exon 25, and exon 17 carries one po-
tential phosphorylation site.

PredictProtein results for neurofibromin complemented our first
evaluation of exons for therapeutic exon skipping. Figure 1 summa-
rizes the results of predicted features, including solvent accessibility,
quantified in terms of number of residues predicted to be exposed
(row “Accessibility”), disorder status in terms of number of residues
predicted to be exposed (row “Disorder”), percentage of non-ordinary
secondary structure contributed by each exon (row “NORS”), the
average conservation score over all residues associated with an exon
(row “Avg. Cons.”), and the number of maximally conserved residues
(row “# Max. Cons.”). With respect to solvent accessibility, the three
prioritized exon candidates (exons 17, 25, and 52) are very similar
(between 9 and 13 residues are classified as exposed), while individual
exon contributions to neurofibromin’s surface can be significantly
higher (e.g., exon 21 is associated with 46 residues predicted to be
exposed). While most exons are fully ordered (including exons 17
and 25), a few have residues classified as disordered. Among these,
exons 13, 21, 51, 52, 57, and 58 generate more than 19 such residues,
while the only two long (R30 residues) intrinsically disordered re-
gions (IDRs) are produced by exons 50–51 and 56–57. Of note,
IDRs allow a protein to adopt an ensemble of different conformations,
which are thought to be in dynamic equilibrium under physiological
conditions.13 Only exons 50–53 and 57–58 contribute to a predicted
non-ordinary secondary structure. Lastly, the obtained conservation
scores strongly suggest that exon 25 is likely not suitable for exon
skipping, with a high score of 8.1. In contrast, exons 17 and 52
have low conservation scores of 1.2 and 2.2, respectively.

Following this first round of analysis of NF1, we selected individual
exons to model what might happen if they were deleted. All exons
that produce a frameshift when deleted/skipped were discarded. Like-
wise, all exons reported as deleted in the mature transcript in at least
one NF1 patient were deprioritized. This reduced the number of can-
didates for single exon-skipping-based therapy to three: exons 17, 25,
and 52. For our additional in-depth in silico analysis, we chose an
additional eight single exons, namely exons 9, 12, 20, 21, 28, 36, 41,
and 47, all of which retain reading frame when being skipped but
are found in patients with an NF1 phenotype. Our selection of the
additional eight exon-skipping scenarios was partially based on
providing controls, i.e., exons that, when skipped, are known to pro-
duce non-functional proteins, e.g., exon 28 that encodes part of the
GRD and the critical R1276 “arginine finger” amino acid that binds
Ras-GTP.14,15 Moreover, from the set of consecutive exon pairs we
included exons 18/19 in our analysis. By further studying these pro-
teins, we expected to gain additional information about the effect
that exon skipping might have on neurofibromin function.

Our assessment of the likelihood that skipping an individual exon or
exon pair may have a therapeutic effect is based on several factors.
Data are summarized in Figure 2 and detailed in Table S2. Exon 17
appeared most promising as a therapeutic target for exon skipping,
as changes to secondary structure, solvent accessibility, order, pro-
tein-binding sites, and PTMs would be minimal. Effects of exon 17
loss on the function of the cysteine serine-rich domain are unknown.
Exon 52 may also be a good candidate due to minimal predicted
changes in secondary structure, solvent accessibility, order, and pro-
tein-binding sites; however, the effects of the loss of the PTMs and its
encoded nuclear localization signal (NLS)16 are unknown. All other
exons have relatively high average conservation scores (in particular
exons 25, 28, 36, and 41) and/or a large number of maximally
conserved residues (such as 18/19, 21, 25, and 47), indicating crucial
function. The secondary and tertiary structure of the protein may
change dramatically when skipping exons 18/19, 20, 28, 41, and 47.
Deletion of exon 21 would result in loss of PTMs and predicted pro-
tein-binding sites. Finally, the skipping of exons 9, 12, 20, and 21 may
result in proteins with less flexibility, and hence some loss of function.

Testing in cDNA assay system

To both evaluate the in silico predictions and determine the functional
effects of exon skipping on neurofibromin, we created and tested Nf1
cDNAs coding for NF1 isoforms with deletions of exons 9, 12, 17, 20,
Molecular Therapy: Nucleic Acids Vol. 28 June 2022 263
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Figure 2. PredictProtein results

Summary of in silico analysis for selected exons. Exon(s) skipped: number of exons skipped according to continuous 1.58 exon numbering outlined in LRG_214. Predicted

secondary structure (%): the percentage of residues in the remaining protein (NF1delEX) that are predicted to undergo a change in secondary structure when compared with

(full-length) human neurofibromin. Highest reliability (secondary structure): predictions of secondary structures have a reliability score assigned. Here we report the highest

reliability reported for any such prediction. Predicted solvent accessibility (%): the percentage of residues in the remaining protein (NF1delEX) that are predicted to undergo a

change in solvent accessibility when compared with predictions for (full-length) human neurofibromin. Highest reliability (solvent accessibility): predictions of solvent acces-

sibility have a reliability score assigned. Here we report the highest reliability reported for any prediction. Surface contributed by exon (Å2): predicted solvent accessibility in

squared angstroms attributed to the amino acids that have been translated from the exon(s). Change of surface area (Å2): predicted total solvent accessibility in squared

angstroms of human full-length (fl) neurofibromin minus the predicted surface area contributed by the skipped exon(s) minus the predicted solvent accessibility of the protein

with skipped exon. A positive value means that the surface of fl is larger than the surface of the protein with the skipped exon. Predicted O/ D (#): number of residues in the

shortened protein (NF1delEX) predicted to change status from ordered to disordered, when compared with full-length neurofibromin. Predicted D/ O (#): number of res-

idues in the shortened protein (NF1delEX) predicted to change status from disordered to ordered, when compared with full-length neurofibromin. Highest reliability (ordered/

disordered): predictions of status (ordered versus disordered) have a reliability score assigned. Here we report the highest reliability reported for any prediction. Predicted P-P

binding sites (#): number of predicted protein-protein binding sites as predicted by PROFisis (part of PredictProtein). Predicted PTMs: number of PTMs as predicted from

Prosite as part of PredictProtein, CKSAAP_UbSite, and UbiProber (with score >0.8). This also includes PTMs that are not on residues formed by the exon but likely affected by

the exon skipping, if the recognition sequence is directly adjacent to the skipped region. Avg. conservation score: average conservation score for each exon as calculated by

ConSurf. Maximally conserved residues (#): number of amino acids with the highest conservation score for each exon as obtained from ConSurf.
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21, 25, 28, 36, 41, 47, and 52.We also evaluated deletion of both exons
18/19 consecutively. We used synthetic gene fragments to create these
deletions and cloned them into a mouse Nf1 cDNA plasmid. All
clones were validated by sequencing the entire cDNA region, and
all isoforms representing the various exon skips were evaluated in
four different functional assays of the NF1-Ras-mitogen activated
protein kinase (MAPK) signaling pathway.

First, we determined the level of NF1 protein inNF1 null HEK293 cells
when transiently transfected with a constant amount of cDNA (1 mg).
A representative western blot probed with NF1 antibody is shown in
Figure 3A, as are tubulin blots (used as loading control). A minimum
of three separate experiments were quantified and are depicted in Fig-
ure 3B as NF1/tubulin; all data are normalized to the WT cDNA such
that data can be combined across experiments and blots. Loss of exons
20, 21, 41, and 47 led to significant decreases in neurofibromin levels in
comparison with WT control via t test (p < 0.05 and indicated with a
red asterisk in Figure 3B), whereas loss of other exons, such as 9 and 17,
had no significant effect on protein expression.

Second, we evaluated the ability of these truncated NF1 protein con-
structs to regulate levels of GTP-Ras (Figure 3C). GTP-Ras levels of all
mutant protein isoforms were statistically compared by t test with
that of empty vector (EV) plasmid with no cDNA insert. Mutant pro-
tein isoforms lacking exons 17, 25, 41, 47, or 52 were significantly
more active (p < 0.05) than EV, as they displayed at least some ability
264 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
to suppress levels of GTP-Ras. Those that are statistically less active
than EV were isoforms lacking exons 18/19, 20, or 28 (p < 0.05).

Third, we evaluated downstreamMAPK signaling focusing on pERK/
ERK ratios (Figures 3D and 3E) as a second indication of function of
NF1 GRD-mediated GAP function. All samples were normalized to
theWT protein isoform, and pERK/ERK levels of all mutant isoforms
were compared with that of EV by t test. Isoforms lacking exons 12,
17, 18/19, 20, 41, 47, or 52 retained the ability to suppress levels of
pERK through GRD-mediated GTPase activity on upstream Ras, per-
forming significantly better than EV (p < 0.05).

Lastly, we evaluated activity of the transcription factor ELK-1, which
is downstream of Ras-MAPK signaling using luciferase activity (Fig-
ure 3F). All samples were normalized to WT protein isoform and
evaluated in at least three experiments. Luciferase levels of all mutant
isoforms were compared with that of EV plasmid by t test. Deletion of
exons 9, 12, 17, 21, 25, 36, 41, 47, and 52 exhibited significantly lower
luciferase levels than EV plasmid, indicating that exon loss did not
inhibit the ability of these isoforms to suppress levels of ELK-1.

NF1 exon-specific human population data

We reviewed the UAB Medical Genomics Laboratory (MGL) dataset
to verify the prevalence of pathogenic variants as well as to investigate
possible genotype-phenotype correlations affecting those exons with
no deletion reported in the public domain, i.e., exons 17, 25, and 52.
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Figure 3. NF1 protein expression and RAS activity

Functional analysis ofmNf1 isoforms with selected exon skips. (A) Representative western blot of NF1 and tubulin levels. (B) Quantitation of NF1/tubulin ratios normalized to

WT ratio; NR 3. Error bars represent SEM. Resultant neurofibromin abundance for each cDNA was compared with WT levels by t test. Red asterisk indicates p < 0.05. (C)

GTP-RAS levels normalized toWT and compared with EV control; N > 3. (D) Representative western blot of pERK/ERK ratios. (E) Quantitation of pERK/ERK ratios normalized

to WT and compared with EV control; N R 3. (F) ELK1 transcriptional activity normalized to WT and compared with EV control; N R 3. Error bars represent SEM.
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In addition, we summarized the aggregated phenotypic features asso-
ciated with these pathogenic variants (Table S3) and also gave detail
on notable variants within each intron (Table S4). In the MGL data-
set, 74 of 8,090 unrelated probands carry a truncating pathogenic
variant in exon 17 (either nonsense, frameshift, or out-of-frame splice
mutation), therefore �0.91% of the unrelated NF1 patients are ex-
pected to carry a truncating variant affecting exon 17. No variants
that result in skipping or deletion of exon 17 only were detected.
Missense and recurrent pathogenic variants are detailed in
Table S4. Patients carrying a truncating pathogenic variant in exon
17 presented with a variable number of features typically associated
with NF1 in an age-dependent manner, including pigmentary fea-
tures (CALMs, skinfold freckling [Table S3]). A total of 76 out of
8,090 (�0.94%) unrelated probands in the MGL dataset carry a trun-
cating variant in exon 25, and another 26 carry one of 12 different
missense variants that are either of uncertain significance, likely path-
ogenic or pathogenic according to recommendations by Richards
et al.17 Splicing variants within exon 25 are detailed in Table S4. No
variants resulting in skipping or single exon deletion of exon 25
were found. The phenotype in the individuals with the likely patho-
genic/pathogenic missense variants was presence of CALMs with or
without freckling, with or without learning disabilities, but we had
only a single individual older than 19 years; therefore, the under-
standing of the potential phenotype associated with any of these mis-
senses is limited. The phenotype associated with the presence of a
truncating pathogenic variant is classic, predisposing to the full vari-
ety of features, as expected (Table S3). A total of 21 out of 8,090
(�0.25%) unrelated probands carry a truncating pathogenic variant
in exon 52: 14 probands carry a frameshift variant; 3 carry a nonsense;
4 carry a truncating splice variant. Splicing variants within exon 52
are detailed in Table S4. Probands (N = 21) with a truncating variant
affecting exon 52 presented with pigmentary features (CALMs and/or
freckling) and neurofibromas. No symptomatic optic pathway
gliomas (but one asymptomatic) or malignancies were observed,
but the dataset is limited (0/7 and 0/18). Only 6 of 21 probands
with phenotypic data available were R18 years old at the time of
data collection. Aggregated phenotypic data on the probands carrying
a truncating variant in exon 52 are summarized in Table S4. Further-
more, we interrogated both Kaviar (http://db.systemsbiology.net/
kaviar/cgi-pub/Kaviar.pl) and the 1,000 genome project (https://
www.internationalgenome.org/data/) for NF1 exon 17, 25, and 52
deletions in healthy populations and were unable to find whole
exon 17, 25, or 52 deletions.

ASO design and efficiency

We utilized ESEfinder to evaluate exon 17 and flanking intronic
sequence to allow the design of ASOs to target exonic splice enhancer
(ESE) motifs (Figures 4A and 4B). Pre-mRNA secondary structure of
exon 17 and 250 bp of flanking introns weremodeled usingmFold soft-
ware (Figure 4C, with the target sites of two of the designed ASOs high-
lighted). We selected and evaluated four 25mer and nine 28mer ASOs
with phosphorodiamidate morpholino oligomer (PMO) chemistry,
based upon positioning relative to ESEs, percent GC content, predicted
Gibbs free energy of binding to the predicted secondary structure, per-
centage of ASO target sequence in open loop conformation, and num-
ber of ASO ends predicted to bind to single-stranded sequence
Molecular Therapy: Nucleic Acids Vol. 28 June 2022 265
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Figure 4. Exon 17 PMO design and efficiency

(A) Table 1 summarizing designed ASO characteristics displaying percent GC content, number of ESE motifs covered, strength of binding, percent open conformation, and

number of ends in open loop structures. (B) ESEfinder analysis of NF1 exon 17 with 50 nucleotides from each flanking intron. ESEfinder shows the ESE-binding motifs for

indicated SR proteins that are above the threshold level in graphical format. The height of the bars indicates the motif scores generated by the tool. The width of the bar

represents the length of the motif (6, 7, or 8 nucleotides). The different colors represent the different SR proteins. (C) mFold analysis of exon 17 NF1 pre-mRNA with 250

nucleotides of flanking intronic sequence, showing the most bioenergetically favorable folded structure, with two designed ASOs mapped as examples. (D and E) Gel

electrophoresis and densitometric assessment of NF1 exon skipping, for four 25mer and nine 28mer ASOs with a phosphorodiamidate morpholino oligomer (PMO)

chemistry. ASOs were transfected at a 2 mM dose using 6 mM Endoporter into WT HEK293 cells, and 24 h post-treatment cDNA was generated and subjected to nested

PCR. Amplicons were separated on 3% (w/v) agarose gels, yielding full-length and exon 17 skipped amplicons of 365 bp and 209 bp, respectively (representative results

shown in D) and quantified using densitometric analysis using ImageJ (E). (F) The same process described was repeated for three 28mer ASOs in the A15 HEK293T culture

(mutation c.1885G>A) and the exon skipping quantified.
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(summarized in Figure 4A; Table 1). PMOs were transfected at a 2 mM
dose using 6 mM Endoporter into WT HEK293 cells. RNA was har-
vested 24h post treatment and cDNAgenerated and subjected tonested
PCR. Amplicons were separated on 3% (w/v) agarose gels and quanti-
fied using densitometric analysis using ImageJ (Figures 4D–4F). The
identity of both full-length and skipped amplicons was confirmed by
sequencing (results not shown). The 25mers that produced the highest
levels of exon 17 skipping were those targeting exon 17 bases [+70, +94]
(24.1% ± 0.5%) and [+108, +132] (20.3% ± 1.1%), and the most effica-
cious 28mers targeted [+67, +94] (39.7% ± 0.5%), [+69, +96] (34.1% ±

0.9%), [+68, +95] (28.7% ± 0.1%), [+70, +97] (27.5% ± 1.291%), and
[+108, +135] (20.2% ± 3.5%). All results were based upon N = 3 except
[+69, +96] (N = 9), with standard error of themean (SEM) indicated by
error bars. These ASOs are predicted to bind with high energy to se-
quences within the pre-mRNA that has open conformation.

Creation and characterization of precision cell line models

Precision model systems were needed to evaluate the efficacy of each
ASO’s ability to restore neurofibromin expression and functional ability
to inhibit Ras signaling. We utilized two cell lines containing different
patient-specific mutations. In the first, cell lines containing the
266 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
recurrent and inactivating NF1 pathogenic variant c.1885G>A, which
creates a cryptic splice acceptor site and deletion of r.1846–1886 result-
ing in a frameshift that is likely susceptible to nonsense-mediated decay
within exon 17, were generated via CRISPR-Cas9 gene editing (Fig-
ure S1A). Multiple clones were isolated (A15, B6, B48, and B52) and
characterized by subcloning and sequencing, evaluation of neurofibro-
min RNA, protein, and Ras signaling. Subclones had varying ratios of
NF1 WT and variant alleles (Figure S1B). In particular, clone A15
showed only variant sequence. Based on presence of WT or variant al-
leles, RT-PCR products showed varying levels ofWT and variant (dele-
tion) transcripts in each clone (Figure S1C). Again, clone A15 showed
only variant transcript. Neurofibromin protein levels based on western
blot for each clone were as anticipated based on subcloning and RT re-
sults (Figures S1D and S1E), and clone A15 showed no neurofibromin
protein. Readouts of Ras signaling including both GTP-Ras levels and
pERK/ERK ratios were also as anticipated and elevated for clone A15
(Figures S1D, S1F, and S1G).

ASO efficacy

We began evaluating skipping efficiency in our NF1 mutant cell line
clone A15 homozygous for c.1885G>A. PMOs include: hNF1.e17



Table 1. PMOs

PMO name Length PMO 50-30 % GC DG
No. of ESE peaks
covered

% in open
conformation

No. of ends in open loop
structures

hNF1.e17[+70;94] 25 GATCCATGGACATTTGACTGGTATT 40 �9.6 3 56 1

hNF1.e17[+79;103] 25 ATTCTTCATGATCCATGGACATTTG 36 �5.15 5 36 2

hNF1.e17[+85;109] 25 GTAGTAATTCTTCATGATCCATGGA 36 �1.4 6 28 0

hNF1.e17[+108;132] 25 CCGGAGAGAGGCTCCAGGAGTACGT 64 �8.5 8 40 1

hNF1.e17[+67;94] 28 GATCCATGGACATTTGACTGGTATTTCC 42 �10.2 4 50 1

hNF1.e17 [+68;95] 28 TGATCCATGGACATTTGACTGGTATTTC 39 �10.5 4 50 0

hNF1.e17[+69;96] 28 ATGATCCATGGACATTTGACTGGTATTT 36 �10.5 4 50 0

hNF1.e17[+70;97] 28 CATGATCCATGGACATTTGACTGGTATT 39 �10.1 3 50 0

hNF1.e17[+76;103] 28 ATTCTTCATGATCCATGGACATTTGACT 36 �8.4 5 43 2

hNF1.e17[+79;+106] 28 GTAATTCTTCATGATCCATGGACATTTG 36 �6.4 5 39 1

hNF1.e17[+81;+108] 28 CTTCCGGAGAGAGGCTCCAGGAGTACGT 61 �8.7 5 32 1

hNF1.e17[+108;+135] 28 CTTCCGGAGAGAGGCTCCAGGAGTACGT 61 �8.7 8 43 0

hNF1.e17[+115;142] 28 CTTTTCCCTTCCGGAGAGAGGCTCCAGG 61 �8.3 5 46 1
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[+79, +106], later replaced with more efficacious PMOs; hNF1.e17
[+67, +94]; and hNF1.e17 [+69, +96]. Our first analysis examined
skipping efficiency at a single 2 mM dose (Figure 5F). In this assay,
hNF1.e17 [+79, +106] leads to significantly more skipping than
hNF1.e17 [+67, +94] and hNF1.e17 [+69, +96]. We then evaluated ef-
ficacy of the skipping in terms of restoration of neurofibromin expres-
sion and function in Ras-signaling inhibition. PMOs were utilized in
dose response from 0.08 mM to 20 mM and included: Std Ctrl Oligo,
hNF1.e17 [+79, +106] (Figures 6A, 6B, 6E, and 6F); hNF1.e17
[+67, +94] (Figures 6C and 6G); and hNF1.e17 [+69, +96]
(Figures 6D and 6H). All ASOs showed a dose-response effect and
were able to restore neurofibromin expression to up to 40% of WT
levels (Figures 6A–6D) and activity in terms of repression of pERK/
ERK ratios by 2- to 3-fold (Figures 6E–6H). To determine which
ASO is most potent, we treated cells with each PMO at a single
dose (2 mM) and ran assays simultaneously (Figures 6I–6L). The three
PMOs have relatively similar efficacies at this 2 mM dose, but
hNF1.e17 [+67, +94] can restore the most neurofibromin expression
and yields the lowest pERK/ERK ratio, although this is not statistically
significant. In conclusion, we have designed ASOs that are able to
effect skipping of exon 17 to ameliorate the increased Ras signaling
caused by the pathogenic variant.

We also evaluated the efficiency and efficacy of our best ASO,
hNF1.e17 [+67, +94], on the second patient mutation cell line. This
is an hTERT/mCdk4 immortalized patient-derived Schwann cell
line, icNF97.2a, which contains the germline mutation c.233delA
and the somatic mutation c.1929delG. c1929delG lies within exon
17 and could potentially be restored by ASOs targeting exon 17,
but c233delA is not targeted and function cannot be restored with
ASOs targeting exon 17. Treatment of cells with ASO in dose
response (0.08–20 mM) restores RNA splicing and neurofibromin
protein expression but is unable to lower pERK/ERK ratios
(Figures 5M and 5N).
Mouse model DelE17

To test the impact of exon 17 loss on NF1 function in a complex bio-
logical system, we created mice that carry Nf1 alleles with exon 17
completely deleted (DelE17) (Figure 6). Two alleles were generated
and the DNA sequence is depicted in Figure 6A, and RT-PCR with
primers flanking the deletion indicates that the mutant transcript is
shorter than the WT transcript (depicted in Figure 6B). When bred
to homozygosity, mice with either of these deletions are viable. This
contrasts with almost all other mouse models harboring Nf1 patho-
genic variant alleles in which Nf1 nullizygosity is lethal by embryonic
day 13.5. Likewise, the G848R nullizygous mouse is also viable.18,19

This provides proof of concept that exon 17 is not essential for neuro-
fibromin function during embryogenesis or vital to maturation to
adult mice, indicating that its loss does not inhibit critical functions
of the NF1 protein that are essential for viability.

We established multiple independent cohorts of mice for cognitive
evaluation. We evaluated baseline activity in an open field
assay with six male and six female mice of both WT (+/+) and
DelE17 (�/�) genotypes at 5–7 months of age and were unable to
detect differences in overall activity or activity spent in the center
or outer portions of the field (Figure 6C). Differences are undetectable
even when evaluated by sex.We also evaluated nest-building behavior
in nine WT females, nine WTmales, nine null females, and eight null
males at 6–14 months of age (Figure 6D). Overall, exon 17 null mice
build significantly poorer nests than WT mice. Significance holds for
male mice but not for female mice, since WT female mice show rela-
tively poor nest building in this cohort.

Another cohort of threeWT (two female, onemale) and three null (two
female, one male) animals at 11–15 months were utilized to investigate
Ras signaling in whole brain (Figures 6E and 6F), which did not exhibit
any histologic abnormalities in the cerebral cortex (Figures S2A and
S3A), hippocampus (Figures S2C and S3C), cerebellum (Figures S2D
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Figure 5. PMO efficacy in human cell lines

NF1 restoration efficacy was evaluated in HEK293 mutant cell line clone A15 with c.1885GA and patient-derived Schwann cell line icNF97.2a with c.1929delG. (A–H) Dose

response for select PMOs. (A), (B), (E), and (F) were treated with PMO hNF1.e17 [+79, +106], (C) and (G) were treated with hNF1.e17 [+67, +94], and (D) and (H) were treated

with hNF1.e17 [+69, +96]. (A–D) NF1/actin levels after treatment with PMOs. (A) Representative western blot showing restoration of neurofibromin expression (in comparison

with actin expression) after treatment of cells with indicated doses of PMO. (B–D) Quantitation of neurofibromin/actin levels of at least three separate experiments after

treatment of cells with indicated doses of PMOs. (E) Representative western blot showing restoration of suppression of pERK/ERK ratios after treatment of cells with indicated

doses of PMOs. (F–H) Quantitation of pERK/ERK ratios of at least three separate experiments after treatment of cells with indicated doses of PMOs. (I–L) Comparison of

PMOs at single 2 mM dose. (I) Representative western blot of NF1/actin levels. (J) Quantitation of neurofibromin/actin levels of at least three separate experiments after

treatment of cells with indicated PMOs. (K) Representative western blot showing restoration of suppression of pERK/ERK ratios after treatment of cells with indicated PMOs.

(L) Quantitation of pERK/ERK ratios of at least three separate experiments after treatment of cells with indicated PMOs. Error bars represent SEM. (M) Dose response for

hNF1.e17 [+67,+94] in icNF97.2 cells. qRT-PCR products are depicted in the top band with the full-length product denoted with a red asterisk on the right and the shorter

skipped product denoted with a green asterisk on the right. The second and third row depict representative western blots of NF1 and actin levels while the fourth and fifth

rows depict representative western blots of pERK and total ERK. (N) Quantitation of NF1/actin ratios in three separate experiments after treatment of cells with indicated

doses of PMO.
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and S3D), brainstem (Figures S2D and S3E), or spinal cord (Fig-
ure S2E). Neurofibromin levels in the brain are approximately equal
for both genotypes, suggesting that despite loss of exon 17 the protein
product remains stable. pERK/ERK ratios are not significantly different
between genotypes, although the null mice may have slightly elevated
levels. We see no differences in pAKT/AKT or pS6/S6 levels. Hence,
there are no significant Ras-signaling differences. Thus, the protein
sequence encoded by exon 17 is not involved in supporting the pro-
tein’s Ras-GAP activity in the brain.

Lastly, we aged a cohort of these DelE17 mice beyond 20 months
(1.8 years) and have yet to observe any gross or histologic evidence
of tumor development in the CNS (Figures S2 and S3), PNS, major
organs, or hematopoietic system (N = 18; 7 females and 11 males).
Additionally, we are following 60 additional nullizygous mice (30
males and 30 females) between 7 and 19 months of age for tumor
development, but have yet to identify any. A separate cohort of
268 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
8-month-old mice (three male and three female nullizygous) were
submitted for diagnostic necropsy and histology. We evaluated
heart, lungs, kidney, pancreas, stomach and small intestine, large
intestine, liver/spleen, reproductive tissue, and brain/spinal cord
by hematoxylin and eosin staining. Initial examination was grossly
unremarkable. Microscopic analysis resulted in observation of
lymphoid hyperplasia in the spleen characterized by expansion of
the white pulp with bridging between follicles (Figure 7A), increased
presence of plasma cells in these bridging channels (Figure 7B), and
germinal center formation (Figure 7C) at the interface between the
follicular and periarteriolar region. Hyperplastic lymphoid nodules
centered around vessels were also noted in the liver (Figure 7D),
lungs (Figure 7E), kidney (Figure 7F), colon (Figure 7G), and
oviduct (Figure 7H).

A small cohort of three male and three female mice of each genotype
(14 months, WT littermates and homozygous DelE17 mice) was
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Figure 6. Creation and phenotyping of Nf1 exon 17 deletion mice

(A) Schematic view of murine Nf1 genomic region with intron and exon boundaries. Blue bar represents exon 17. Top sequences depict WT allele. Exons are bolded and

underlined with canonical splice sites in red text. Bottom sequences show the sequence of the deletion alleles. (B) RT-PCR products fromWT and a DelE17 nullizygous brain.

The DelE17 brain has a shortened RT-PCR product that corresponds to the loss of exon 17. (C) Open field activity ofWT and DelE17mice based on time spent in center of the

field and outer edges. Left shows all mice, middle shows data frommales, and right shows data from female mice. (D) Nest-building scores for all mice, malemice, and female

mice. (E) Representative western blots showing neurofibromin levels and Ras signaling in brain tissue of three WT and three DelE17 mice. (F) Densitometric analysis of NF1

and Ras signaling in brain by WT and DelE17 genotype. Asterisks indicate p < 0.05. Error bars represent SEM.
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utilized to explore the cellular subtype responsible for the lymphoid
hyperplasia by examining T and B cell frequencies in the spleen,
thymus, and lymph nodes by multiparameter flow cytometry.
Grossly, spleen and thymus weights did not differ by genotype in
this cohort (Figures S4A and S4B) nor did overall cellularity in the
thymus, spleen, or mesenteric lymph nodes (Figures S4C–S4E). Sin-
gle-cell suspensions of spleen, thymus, and lymph nodes were utilized
for fluorescence-activated cell sorting (FACS) analysis of T and B cells
(Figure 8A). In DelE17 mice significant differences in the proportions
of thymic double-positive (CD3+ CD4+ CD8+) T cells (Figure 8B) and
CD19+ B cells were noted (Figure 8B). In spleen a significant increase
in the proportions of CD19+ B cells was noted (Figure 8C), and no
significant differences in the proportions of T or B cells were noted
in the mesenteric lymph nodes (Figure 7D). Furthermore, no
differences in NK, NKT, or gd T cells were noted in any of the
lymphoid tissues (thymus, spleen, or lymph nodes) examined (data
not shown).

DISCUSSION
Exon-skipping strategies have not been applied to NF1 to date. Two
prior studies have shown that cryptic splice sites created by deep in-
tronic mutations within NF1 (affecting 2%–3.5% of patients) can be
silenced in vitro.20,21 ASOs were used to successfully target newly
created 50 splice sites, thereby restoring normal splicing in fibroblasts
and lymphoblast cell lines with one of three different deep intronic
pathogenic variants (c.288+2025T>G, c.5749+332A>G, and c.7908–
321C>G).20 The first study showed antisense-dependent decrease in
Ras-GTP levels, which is consistent with the restoration of neurofi-
bromin function. The second study assessed c.3198-314G>A, and
noted leakiness of the splicing mechanism that generated a propor-
tion of correctly spliced transcripts and demonstrated correction of
the splicing defect by using specific ASOs.21 Repression of a cryptic
intronic splice site has the therapeutic advantage that no coding
part of neurofibromin is removed; however, a new ASO therapy
must be designed and tested for each pathogenic variant.

We sought to assess strategies to skip exons tomitigate intragenicNF1
pathogenic variants that reside in non-critical regions of neurofibro-
min. Production of even partially functional neurofibromin could
help ameliorate phenotypes. Literature in this area is non-existent.
In contrast to masking cryptic splice sites as discussed above, exon
skipping has the possible benefit of a single therapy skipping over
any pathogenic variant within the region of interest and potentially
helping multiple patients with different pathogenic variants. We sys-
tematically evaluated NF1 in silico, in vitro, and in vivo to predict and
prove which exons can be skipped with the resulting neurofibromin
retaining GRD-related function as evaluated by multiple methods.
Of note, we have previously been able to evaluate the functional
consequences of specific variants using this in vitro approach.22,23

Our goal was not to define a precise level of activity for each variant
such that they could be ranked, but instead to guide us in selection of
exons for possible skipping. A limitation of our study is that the func-
tion assessed here is based only on GRD activity; it is possible that var-
iants affect alternative neurofibromin functions in other ways. For
instance, NF1 has recently been shown to bind to the estrogen recep-
tor and act as a transcriptional co-repressor, independent of Ras.24
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Figure 7. Nf1 exon 17 deletion mice exhibit lymphoid hyperplasia in multiple organs

(A) Micrograph showing bridging of two lymphoid follicles in the white pulp of the spleen (10� magnification). (B) Higher magnification (40�) of bridging channel (orange

dashed outline) between each follicle shows numerous plasma cells depicted (see inset) by their teardrop cellular shape, abundant basophilic cytoplasm, and acentric nuclei.

(C) Micrograph showing two lymphoid follicles in the spleen with germinal centers depicted by the lighter basophilic staining (asterisk) and (inset) larger blast cells (20�
magnification; inset, 40�magnification). (D) Perivascular lymphoid follicle in the portal region of the liver with foci of blast cells (asterisk), likely depicting a germinal center (20�
magnification). (E) Foci of perivascular and peribronchiolar lymphoid aggregate in the lung (20� magnification). Within the bronchi lumen there are several eosinophilic

crystals, which is a morphologic indication of eosinophilic crystalline pneumonia. (F) Foci of perivascular lymphoid aggregates in the kidney with a lighter basophilic area

consisting of blast cells (asterisk), likely depicting a germinal center. (G) Lymphoid aggregate in the submucosa of the colon with a focal lighter basophilic area consisting of

blast cells (asterisk), likely indicative of a germinal center (20� magnification). (H) Focal perivascular lymphoid aggregate in the oviduct (20� magnification).
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We showed that our series of in silico analyses strongly predicted the
in vitro assays results. For example, exons predicted to have the least
effect by PredictProtein (exons 17 and 52) have the highest levels of
neurofibromin and ability to suppress Ras activity in vitro. The exons
with the highest neurofibromin levels when skipped/deleted (9, 17,
and 52) have the lowest percentage of residues predicted to undergo
changes in secondary structure when compared with full-length neu-
rofibromin. Conversely, exons 20, 41, and 47 were predicted to signif-
icantly alter secondary structure, and deletion of these exons led to the
lowest neurofibromin expression. Those exon deletions that were un-
able to lower GTP-Ras levels (18/19, 20, and 28) were all predicted to
have significant changes in secondary structure. Notably, exon 28
deletion retained the least function in Ras assays. This is likely because
it encodes a portion of the GRD domain that physically interacts with
Ras, including the “arginine finger” residue, R1276.14,15 Hence, we
believe that our in silico model is predictive for Ras-GAP activity.

Our cDNA system enables us to routinely tease out differences in NF1
levels and GRD function. We have noted that cDNA deletions result-
ing in different protein isoforms result in variable levels of protein
abundance. NF1 abundance may be the result of several potential
mechanisms, as many factors and pathways can play a significant
role. It is most likely that each variant has a different molecular effect
on the mRNA and/or tertiary protein structure, stability, or degrada-
tion rate. However, even though some isoforms result in lower levels
of neurofibromin expression, this does not equate to loss of GRD
function. In fact, some of the isoforms with lower NF1 protein abun-
dance maintain the ability to inhibit Ras activity. If these isoforms
indeed lose stability but retain function, treatment with small mole-
270 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
cules to stabilize NF1, such as protein correctors, similar to tezacaftor
or lumacaftor used to stabilize the CFTR protein in cystic fibrosis,
might be a promising therapy.

We also report here (and previously22) that some isoforms may lead
to hyperactivation of GTP-Ras levels above what is seen with EV, e.g.,
without NF1. Deletion of exons 18/19, 20, and 28 leads to increased
GTP-Ras levels (Figure 3C). This may imply that these changes could
impede hydrolysis of Ras-GTP. While we do not see such evidence in
our analysis of pERK/ERK levels for these clones (Figures 3D and 3E),
exons 18/19, 20, and 28 are the only clones that were not able to sup-
press ELK1 transcriptional activity (Figure 3F). We note that all other
isoforms are able to repress ELK1. We believe that this ELK1 data are
a reflection of the response of a hypomorphic allele that when ex-
pressed at significantly high levels (as in this overexpression assay)
is able to repress the most downstream signaling components. Hence,
it is likely that exons 18/19, 20, and 28 encode regions of NF1 that are
essential to its GRD function and should not be targeted for exon
skipping.

We designedASOs to efficiently skip exon 17 and evaluated their effect
in cell lines with both WT and inactivating NF1 variants in exon 17.
ASOs were able to skip mutant exons and restore neurofibromin pro-
tein expression. Protein expression is restored to within 40% of WT
levels in HEK293 cells (Figure 5B) and 47% in Schwann cells (Fig-
ure 5N). In cells containing only mutant exon 17 (c.1885G>A), the
restored protein was able to reduce pERK/ERK ratios, indicating
that the restored protein is functional. However, in the compound het-
erozygous icNF97.2a cells containing both an exon 17 mutation and a
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Figure 8.Nf1 exon 17 deletionmice exhibit increased percentage of CD3+, CD4+, andCD8+ double-positive thymocytes, and increased percentage of B cells

(A) Representative flow-cytometric gating scheme in thymus depicting: (1) lymphoid gate and evaluation of the percentages of CD3+ T and CD19+ B cells; (2) CD3+ gated

T cells with several populations including (a) CD4�CD8� double-negative thymocytes, (b) CD4+CD8+ double-positive thymocytes, (c) CD4+ helper T cells, and (d) CD8+ cyto-

toxic T cells; and (3) gating on CD3+CD4+ T cells; Foxp3 expression is used to differentiate regulatory T cells. (B–D) Proportions of T and B cells in the (B) thymus, (C) spleen,

and (D) mesenteric lymph node are represented as the percentages of total cells.
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secondmutation outside of exon 17, restoration of protein was unable
to completely compensate for the secondmutation and pERK/ERK ra-
tios were not lowered. This is not unanticipated, as NF1+/� cells char-
acteristically have elevated pERK/ERK ratios. Hence, these ASOs
restore expression/function specifically to variants within exon 17.

Comparison of efficacy of these NF1 PMOs with other genes/diseases
is very challenging. There are a number of parameters that may influ-
ence the efficacy of PMOs, including the antisense oligonucleotide
(AON) and pre-mRNA sequences, the dose administered, single or
repeated administrations, and the delivery mechanism used within
a given investigation. For example, eteplirsen is a 30mer PMO devel-
oped by Sarepta Therapeutics to achieve exon 51 skipping in DMD.25

Eteplirsen targets a distinct sequence, pre-mRNA secondary struc-
ture, and ESE profile. In addition, it is much further along in the
translational pipeline, having gained accelerated approval from the
FDA in 2016 following numerous preclinical and clinical investiga-
tions. Interestingly, however, the efficacy of the eteplirsen has been
subject to scrutiny in the field, and in a recent screen it ranked 92nd

of the 413 possible AON sequences trialed to promote DMD exon
51 skipping. The lead candidate identified in this study “Ac0,”
demonstrated a 12-fold increase over eteplirsen.26 Furthermore, in
clinical trials, limited restoration of dystrophin was observed in pa-
tients; however, the effect was deemed meaningful as it resulted in a
slowing down or stabilization of disease pathology/progression.
This serves to highlight the necessity of continuous screening and
development of AONs to find the optimal candidate to take forward
for clinical development.

The efficacy of the PMO in a clinical setting could also be improved by
altering its delivery. It could be conjugated to a peptide to improve its
cellular uptake and tissue-specific targeting. An important consider-
ation, however, is that some peptide conjugated PMOs (PPMOs)
can show toxicity. Therefore, judicious design and screening would
be important to the success of this approach, and similar work has
been performed by our group in collaboration with others.27,28 An
alternative route could be to deliver AON sequences as an U7-SnRNA
vector; this gene therapy approach has been utilized in the field of
DMD29–31 and is associated with improved delivery and longevity
of AON sequence expression. However, with adeno-associated virus
(AAV)-capsid immunity it is limited to a single administration and
would be best suited as part of a combinatorial therapeutic approach.

The safety and efficacy profiles of PMOs are well regarded. This is
demonstrated by the clinical studies in both DMD and spinal
muscular atrophy (SMA), and subsequently the FDA approval of ete-
plirsen, spinraza, and golodirsen. Notably, a preclinical study using
SMN PMO25 in combination with myostatin expression delivered
as an AAV showed not only prolonged survival in a mouse model
but also improved neuromuscular junction maturation, innervation,
and increases in both the size of sensory neurons in the dorsal ganglia
and the preservation of proprioceptive synapses in the spinal cord.32
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Taken together with the success of spinraza, being approved as the
first antisense drug treatment for SMA by the FDA,33,34 this show-
cases that antisense treatments are considered safe and efficacious
in the context of treating tissues of the nervous system and, indeed,
neurological diseases.

Hence, PMOs are generally considered safe and well tolerated. This
provides a promising benchmark for utilizing PMOs to treat NF1.
The PMOs assessed and showcased in this paper provide a proof-of-
principle demonstration that exon skipping could provide a
therapeutic strategy for the treatment of NF1. However, further devel-
opment of PMOs is ongoing in our lab with a focus on ongoing refine-
ment of the PMO designs, screening sequences that could provide
improved exon-skipping efficacy outcomes, modifications of AON
chemistries, and delivery vehicles. All of these parameters are being
considered to maximize the translational potential and impact of the
research being undertaken in the context of NF1.While our investiga-
tions thus far have been in vitro in nature, when PMO screening tran-
sitions to a suitable NF1 animal model, efficacy and toxicity will be
examined. It is anticipated that there is scope for translation in NF1.

As proof of concept, we deleted exon 17 in mouse models using
CRISPR targeting. While tumor development was previously
reported in themurine Nf1+/�model (pheochromocytoma, leukemia,
and lymphoma),35 we do not observe this in the mice lacking both
copies of exon 17. DelE17 mice are viable and grossly healthy with
no tumor phenotypes; however, we did note generalized lymphoid
hyperplasia in multiple organs including the primary and secondary
lymphoid tissue of the thymus and spleen and alterations in behavior.
Hence, this preliminary assessment validates the feasibility of our
approach, but we have yet to determine the full scope of the biological
significance of removing exon 17 from the NF1 protein. Additional
phenotyping assessments will be performed to investigate these ab-
normalities at a later date. These relatively mild phenotypes suggest
that loss of exon 17 creates a mild hypomorphic allele.

Some pre-existing Nf1mutant mice may have similar phenotypes to
DelE17; deletion of exon 31 (historically exon 23a, which is alterna-
tively spliced) results in deficits in spatial learning, impaired contex-
tual discrimination, and delayed acquisition of motor skills, but does
not lead to tumorigenesis.36 In theory, exon 31 deletion simply re-
sults in lower GAP activity (in comparison with full-length NF1);37

however, altered Ras signaling in the brain or other tissues was not
evaluated in these mice. Of note is the fact that one of the nullizygous
exon 31 deletionmice showed splenic hyperplasia, with expansion of
red pulp and increased extramedullary hematopoiesis. Furthermore,
the data from the exon 31 deletion mouse indicates that the learning
deficits caused by reduced GAP activity are not a result of develop-
mental deficits (as mice have normal embryological development
and tumor suppression), but instead suggest that they result from
disruption of function in the adult brain, implying that treatment
for these learning disabilities may be possible. Effects of Ras-inhibi-
tory treatment on DelE17 mice remain to be characterized. If suc-
cessful, thesemice and the nest-building assay will represent a robust
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behavioral model in which to evaluate therapeutics to improve
cognitive function in individuals with NF1.

In summary, our data suggest that clinical treatment by skipping NF1
exon 17 is feasible for individuals with pathogenic variants in this
exon. Future studies will include the use of ASOs for exon skipping
in precision mouse models with humanized exon 17 sequence.

MATERIALS AND METHODS
In silico analysis

Human NF1 cDNA sequence was downloaded. We utilized the exon-
numbering nomenclature as outlined in LRG_214. Mutation nomen-
clature follows transcript NM_000267.3. Coding frames and exon
boundaries were mapped to identify which exons could be skipped
either as singletons or as two consecutive exons while still maintaining
protein reading frame. Known and prospective protein domains were
overlaid onto this map. Exon lengths were determined. We also eval-
uated the literature, the HGMD, and the LOVD for reports of patients
with known NF1 mutations that result in skipping of exons during
splicing (see Table S1 for summary of LOVD entries and list of publi-
cations mined for reports of NF1 patients with skipped/deleted exons
and associated phenotype). In addition, we mapped experimentally
verified PTMs of NF1 as reported on UniProtKB (https://www.
uniprot.org/uniprot/P21359), PhosphoNet (http://www.phosphonet.
ca), and Phosphosite Plus (https://www.phosphosite.org/). PTMs
included phosphorylation, acetylation, methylation, and ubiquitina-
tion. Furthermore, neurofibromin (P21359-2) was analyzed using
PredictProtein (https://www.PredictProtein.org),38 a web server that
combines various (protein) sequence analysis and structure prediction
tools. Specifically, PredictProtein returns predictions of protein sec-
ondary structure, solvent accessibility, disorder status, protein-protein
binding, PTMs, and conservation, among others. Conservation scores
were obtained via PredictProtein using ConSurf (https://consurf.tau.
ac.il).39 For PTM predictions based on signature sequences,
PredictProtein calls Prosite (https://prosite.expasy.org).40 Outputs
were analyzed for all exons individually. Note that unlike other struc-
ture prediction tools, inputs to PredictProtein are not limited by their
sequence length, which makes this tool particularly useful given neu-
rofibromin’s length.

For a selection of 12 exons, 11 single and one pair of consecutive exons,
we also ran PredictProtein on the amino acid sequences obtained by
skipping the exon(s). Resulting predictions of various features were
compared with those previously obtained for neurofibromin (see
above) to assess the impact that individual exon deletions have on
the protein structure and functionality. Residue-specific differences
were quantified and summarized. In addition, we predicted ubiquiti-
nation sites in selected exons using the tools CKSAAP_UbSite
(http://systbio.cau.edu.cn/cksaap_ubsite/)41 and UbiProber (http://
bioinfo.ncu.edu.cn/UbiProber.aspx).42

cDNA expression system

Wehave establisheda heterologous cell-culture expression systemusing
a full-length mNf1 and NF1-null human cell lines.22,23 Mouse and
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human NF1 sequences are extremely conserved with 92% sequence
identity at the cDNA level and 98% amino acid identity. The full-length
mNf1 cDNA produces a >250 kDa neurofibromin protein that is
capable ofmodulatingRas signaling.We createdmutant cDNAs encod-
ing different protein isoforms representing various exon skips and as-
sessed their ability to produce mature neurofibromin and restore Nf1
activity in NF1�/� cells. Ras activity data for isoforms included levels
of GTP-Ras, pERK/ERK ratios, and ELK1 transcriptional activity
normalized to WT for each experiment and in comparison with EV.

Cell culture

HEK293 (WT or NF1+/+) cells were obtained from the American
Type Culture Collection (CRL-1573) and cultured in Dulbecco’s
modified Eagle’s medium (DMEM) + 10% fetal bovine serum and
1� penicillin-streptomycin using standard culture procedures.
NF1�/� or null HEK293 cells were created through CRISPR-Cas9 tar-
geting NF1 exon 2.22

Nf1 cDNA plasmid development

The Nf1 cDNA plasmid was developed by GeneCopoeia and is
commercially available.

Transient transfections

HEK293 WT or NF1 null cells were transfected with LipoD293
(SignaGen Lab, cat. #SL100668) or Lipofectamine 3000 (Invitrogen,
cat. #L30000008) and cDNA at 1 mg per 6-well dish seeded with
500,000 cells per well or 100 ng/96-well seeded with 50,000 cells. Assays
wereperformed48–72h later. To control for possible variations in trans-
fection efficiencies, we repeated experiments multiple times and used
multiple independent plasmid preparations to control for quality of
DNA.

Western blotting

Cells were lysed with RIPA buffer, and lysates were cleared by centrifu-
gation at 20,000 rpm for 20 min at 4�C. Protein was quantitated with a
Bradford assays and 50 mg of protein was loaded per well for NF1 blots
and 10 mg of protein was loaded for other blots. SDS-polyacrylamide
gels (8%) were run at 100 V for 2 h and transferred at 100 V for 2 h
onto polyvinylidene fluoride. Blots were probed overnight at 4�C with
primary antibodywashed andprobed 1 h at room temperaturewith sec-
ondary. Primary antibodies include N-Terminal NF1 (Cell Signaling
Technology, cat. #D7R7D, 1:1,000), tubulin (Abcam, cat. #ab52866,
1:1,000), pERK (Cell Signaling, cat. #9101, 1:1,000), and total ERK
(Cell Signaling, cat. #9102, 1:1,000). Secondary was horseradish perox-
idase tagged from Santa Cruz Biotechnology. Chemiluminescent sub-
strate from Bio-Rad was used as per manufacturer’s protocols.

RAS-G-LISA assay

The RAS-G-LISA assay was obtained from Cytoskeleton and was per-
formed according to the manufacturer’s instructions.

ELK-1 Transcriptional repression assay

ELK1 is a major nuclear substrate for ERK, where phosphorylation of
ELK1 by kinases results in the conformational change of ELK1 and
triggers its DNA binding activity. Plasmids containing the ELK-1
transactivation domain fused to GAL-4 and UAS-Luciferase con-
structs were a kind gift from the Roger Davis laboratory. Together,
they act as a reporter system to monitor ELK1-dependent transcrip-
tional activity and MAPK signaling. In fact, ERK suppression has
been measured by the ELK reporter assay in HEK293 cells to show
that SPRED1 recruits NF1 to suppress Ras activation. Both NF1 and
SPRED1 mutations in the GRD-EVH1 interaction domains reduce
Ras-ERK suppression activity.43 A strong correlation among patho-
genic mutations, disruption of the GRD-EVH1 interaction, and
ERK suppression activity has been reported.43 Hence, NF1�/� HEK
293 cells were transfected with 25 ng of pGAL4 and pGal4-ELK1 plas-
mids and 1 ng of pNL1.1TK [Nluc/TK] transfection control, along
with 100 ng of respective Nf1 mutation plasmids with Lipofectamine
3000 and plated on a 96-well plate such that each well received
50,000 cells. After 24 h, the mediumwas replaced with normal growth
medium. The experiment was terminated at 48 h after transfection
with reporter lysis buffer. After lysis, NanoLuc and firefly luciferase
readings (relative light units) were obtained using LuciferaseAssayRe-
agent (Promega, E1500) and aBioTek Synergy 2 plate reader. Readings
were normalized to NanoLuc expression and percentage change in
luciferase activity in comparison with NF1�/� cells transfected with
WT cDNA vector. We evaluated statistical deviation of each cDNA
from the EV clone to evaluate whether isoforms retained any function.
Each mutation set was done in triplicate, and the entire experimental
setup was repeated at least three times.

ASO design

PMOs were designed in accordance with previously published
work.44 Multiple parameters were considered during PMO design;
these included the PMO coverage of ESEs and the Gibbs free energy
of PMO binding and association. In addition, in silicomodeling of the
pre-mRNA secondary structure of exon 17 and the immediately adja-
cent intron sequences was undertaken. Once a secondary structure
was obtained, PMOs were mapped to identify whether their binding
was within predicted “open” or “closed” confirmations of the pre-
mRNA, which impacts PMO efficacy. In brief, NF1 exon 17 and
50 bp of flanking intron sequence was analyzed with ESE Finder to
identify ESE motifs within the exon. Secondary structures of exon
17 and 250 bp of flanking sequence were then predicted with mfold,
and the model with the most favorable energetic profile was selected.

PMOs were designed using sFold to assess the strength of binding to
target. Candidates were selected for screening based upon the per-
centage of their GC content, their ability to mask predicted ESE mo-
tifs, and their Gibbs free energy of binding and position relative to
“open” regions of the predicted secondary structure.

ASO treatment

A range of custommorpholinos spanning exon 17 were ordered from
Gene Tools and reconstituted in 0.22 mM filtered ultrapure nuclease-
free water, to make a 1 mM stock concentration, as per the manufac-
turer’s directions. Their efficacy was assessed in control WT HEK293
cell lines and those with a patient mutation in NF1 exon 17. Cells were
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cultured in 10% (v/v) fetal calf serum in DMEM (Gibco) with 1%
penicillin-streptomycin (Gibco); once cells attained �70%–80% con-
fluency they were treated with ASOs diluted in 1 mL of fresh culture
medium at desired concentrations alongside 6 mM Endo-Porter
(dimethyl sulfoxide) (Gene Tools). Cells were incubated at 37�C,
5% CO2 for 24 h prior to harvest. The PMOs identified with the
best exon skipping efficacy were then selected and subject to a tiling
screen, where PMOs in close proximity to the lead candidates were
also assessed. This led to the identification of [+67, +94] (from
[+69, 96]), which appeared to have better efficacy in the assessments
undertaken. This PMO was then selected for onward study.
ASO efficiency assay

After treatment with PMOs, cells were lysed in RLT buffer and total
RNA extracted using an RNeasy Miniprep Kit (Qiagen, UK). Ex-
tracted RNA was subject to a Quantitect cDNA synthesis reaction
(Qiagen). In brief, 1 mg of RNA was added to 2 mL of genomic
DNA wipeout and made up to 14 mL with nuclease-free water; this
RNA-water mix was heated to 42�C for 2 min and held at 4�C for
5 min to remove secondary structures. Upon completion, 4 mL of
5�Quantiscript RT Buffer, 1 mL of Quantiscript reverse transcriptase,
and 1 mL of primer mix was added, and the reaction was then heated
to 42�C for 30 min and inactivated at 95�C for 3 min.

Resultant cDNA was then amplified via nested PCR. Amplification
was achieved with GoTaq G2 Flex (Promega, UK). The standard
25 mL PCR reaction comprised 1.5 mM MgCl, 0.2 mM forward and
reverse primers, 0.2 mM deoxynucleoside triphosphates, and
0.05 U/mL GoTaq G2 Flex Polymerase. For the first round, 3 mL of
cDNA was added to 22 mL of master mix. Primers used were
Ex17_1F 50-AAT GGA GGC TCT GCT GGT TC-30 and Ex17_1R
50-ACA CTT CAT CCA CCC CAC AC-30, yielding a full-length (un-
skipped) amplicon of 545 bp and an exon 17 skipped amplicon of
389 bp. Thermocycling conditions: 94�C for 2 min, 20� cycles
(94�C for 30 s, 60�C for 30 s, 72�C for 30 s), and 72�C for 5 min.

For the second round, 1 mL of the first-round product was added to
24 mL of master mix. Primers used were Ex17_2F 50-TCT CAA
GTG GTT GCG GGA AA-30 and Ex17_2R 50-CTG CTT CCT
CAC AGA GGT GG-30, yielding a full-length (unskipped) amplicon
of 365 bp and 209 bp. Thermocycling conditions: 94�C for 2min, 30�
cycles (94�C for 30 s, 63�C for 30 s, 72�C for 30 s), and 72�C for 5 min.

A 20 mL aliquot of the second-round product was resolved on a 3%
(w/v) agarose in TAE buffer at 70 V for 2 h and imaged. The images
were then subjected to densitometric analysis using ImageJ software.
Arbitrary values assigned to amplicons based upon analysis were then
subject to the following calculation:
% Exon Skipping =
Skipped Am

Total Product ðUnskipped
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Mutant cell line generation and characterization

c.1885G>A

CRISPRguideswere designedusingCRISPOR(crispor.tefor.org), anda
repair templatewas designed to generate a knownpatientmutation and
also introduce silent changes to obliterate the protospacer adjacent
motif (PAM) site and generate a restriction site for screening as neces-
sary. Exon 17 guide reverse strand: 50-CACATCCTACCCCGTAAA
AAA GG-30. Repair template coded for recurrent: c.1885G>A, which
results in out-of-framemissplicing r.1846_1886del; p.Gln616GlyfrTer4
and found in 40 unrelated probands. The exon 17 repair template also
coded for a silent c.1875C>T to obliterate the PAM sequence and a si-
lent c.1890A>C to generate an Hpy 188I site for cell line screening.

Guides were cloned into pX459 and transfected into HEK293 cells.
HEK293 cells were chosen because this cell line is well characterized,
used historically in NF1 research, easily takes up exogenous DNA,
and is easy to culture and scale. This cell line is derived from human
embryonic kidney cells and carries a modal chromosome number of
64 in 30% of cells, and chromosome 17 (NF1) is present in 3–4 copies.
Notably, this increased chromosome number does not affect any of
the RAS or Ras-GAP genes. HEK293s have all three Ras isoforms.
Cells were selected with puromycin, and single-cell cloning was
used to isolate clonal lines for screening. DNA was isolated from
each clone as screened for mutations of interest via restriction digest
or direct sequencing of PCR products. PCR amplification primers
include: exon 17, forward 50-GGA AGA CAA CTC AAA TAA
GTG TTT ATT CC-30 and reverse 50-AAT TTC ATT CAG AAA
ACA AAC AGA GCA CAT AAA A-30. Once clones of interest
were identified, PCR products were cloned and individually
sequenced to define alleles. Multiple clones containing the variant
of interest (c.1885G>A) were identified and further characterized:
A15, B6, B48, and B52.

icNF97.2a

Patient-derived Schwann cell cultures were established from NF1
cutaneous neurofibromas immortalized using lentiviral vectors con-
taining WT murine Cdk4 cDNA and human telomerase (hTERT)
cDNA (unpublished data, MRW), as previously done for NF1 plexi-
form neurofibroma Schwann cells.45 Sanger sequencing was used to
identify the NF1 germline and somatic mutations. icNF97.2a contains
germline mutation c.233delA, and the somatic mutation c.1929delG;
c.1929delG is within exon 17.
Mutant mouse generation

CRISPR/single guide RNA design and synthesis

CRISPR guides were designed using CRISPOR (crispor.tefor.org) to
excise exon 17 and the canonical AG splice receptor signal in the
mouse Nf1 locus: Ex17 50 G2 (forward strand), 50-CGG ATA CGT
plicon
+ Skipped AmpliconÞ � 100:

http://crispor.tefor.org
http://crispor.tefor.org
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CTT CTT TCC AGC-30; Ex17 30 G1 (reverse strand), 50-ACA GAG
GGA GTT ACC TAC CA-30. Modified synthetic single guide RNAs
(Synthego) were allowed to complex with Alt-R S.p. Cas9 Nuclease
V3 (IDT) at room temperature for 15 min before dilution with
DMEM to a final concentration of 100 ng/mL, 100 ng/mL, and
200 ng/mL of guide 1, guide 2, and Cas9, respectively.

Gonadotropins

Female C57B6J embryo donors from 3 to 4 weeks of age were admin-
istered 5 IU of pregnant mare serum gonadotropin (Sigma, St. Louis,
MO, USA) on day �3 followed by 5 IU of human chorionic gonado-
tropin (Sigma) on day�1 to induce superovulation. Donor and recip-
ient females were mated to stud and vasectomized males, respectively,
on day �1.

Collection of embryos

At day 0.5 post conception, superovulated donor females with copu-
latory plugs were humanely sacrificed using CO2 followed by cervical
dislocation. Oviducts were dissected into sterile medium and nicked
to expose the cumulus masses containing fertilized embryos. Embryos
were cultured in KSOM (Millipore, Darmstadt, Germany) under 5%
blood gas prior to electroporation.

Electroporation

Fertilized embryos were placed in a 5 mm Petri dish parallel platinum
plate electrode (Nepa Gene, Chiba, Japan) and electroporated using
the NEPA21 Super Electoporator in batches of 25 using the following
parameters: poring 150 V, 3 ms, No. 4, decay rate 10%, polarity +;
transfer 20 V, 50 ms, No. 5, decay rate 40%, polarity +/�. Surviving
embryos were transferred as previously described.

Animal identification

Animals were identified by cage card, sex, and unique “ear tags”
consecutively numbered that were affixed at weaning.

Biopsies

Tail biopsies were collected at weaning. A 5–7 mm portion of the
distal segment of the tail was cut for analysis and the remainder
cauterized. Genomic DNA was purified from the lysed tail samples.

Identification of founders

Founder animals were identified by PCR using primers flanking the
target loci that amplified a 519 bp fragment in WT animals (Ex17
F2: 50-ACT TGG TTT GGA GGT TGG ACA-30; Ex 17 R1: TTG
CTC AGG GTT CCA CAG TG). PCR samples were run on 6% poly-
acrylamide/TBE gels at 100 V for 45 min before staining with
ethidium bromide. Mutations were identified in three out of three
pups born from electroporated embryos, and all appeared to harbor
a large deletion allele. Positive samples were confirmed by modified
Sanger sequencing, which confirmed all three founders had all of
exon 17 deleted including the canonical AG splice site at the 30 end
of intron 16 flanking exon 17 as well as the +1 site of intron 17. At
least two alleles were identified: c.1845-2_2007+1del and c.1845-
9_2007+7insGACAC; both alleles result in p.Q616_M669del54.
RT-PCR for exon 17 in human and mouse

WT and c.1885G>A HEK293 cells were collected, and RNA was ex-
tracted using Qiagen RNeasy kits as per manufacturer’s directions.
RNA was reverse transcribed and used in a PCR reaction with the
following human primers: forward 50-GGG AGA TTA GCT CAC
AAA TGC-30 and reverse 50-GTG CTG CTC TTC CTG TTG ACA
TC-30. Transcripts containing exon 17 result in a PCR product of
552 bp. Transcripts not containing exon 17 result in a PCR product
of 396 bp. Mouse brains were harvested from an age-matched WT
and DelE17 null mice and stored immediately in RNAlater. RNA
was extracted using Qiagen RNeasy kits as per manufacturer’s direc-
tions. RNA was reverse transcribed and used in a PCR reaction with
the following primers: forward 50-CTG ATT CAT GCA GAC CCA
AA-30 and reverse 50-GAC ATG GGA CAT CCG TCT CT-30. Tran-
scripts containing exon 17 result in a PCR product of 972 bp. Tran-
scripts not containing exon 17 result in a shorter PCR product.
Sequencing of RT-PCR products reveals deletion of exon 17 RNA se-
quences. Identical results were obtained from both independent
mouse lines; therefore, we combined them.

Mouse cohorts

At least four independent cohorts were generated for analysis: Cohort
1 for initial behavior studies (open field and nesting): 6 males and 6
females of WT and null genotypes aged 5–7 months. Cohort 2: for
necropsy of 3 null males and 3 null females at 9 months. Cohort 3:
for FACS analysis and additional nesting behavior of 3 males and 3
females of WT and null genotypes at 14 months. Cohort 4: 3 WT
(2 females; 1 male) and 3 null (2 females; 1 male) mice for western
blots at 11–15 months.

Open field activity

Assaywas performed using standard operating procedures at theUAB
Small Animal Behavioral Assessment Core as previously described
with the exception that we tested only one animal at a time.46 Animals
were tracked in an open field (square box) for 4 min. The amount of
time spent in the center of the arena versus the side was recorded as
ameasure of anxiety. Othermeasures included: ambulation time, rear-
ing, self-grooming, and fecal droppings.

Nest-building assay

Nest building was performed and scored on a 1–5 scale as previ-
ously described.47 In brief, mice were given cotton nestlets overnight
and scoring was performed on a 1–5 scale, with score 1 having more
than 90% of the nestlet intact and score 5 having a near perfect nest.

Necropsy

Animals were examined prior to euthanasia and exhibited no remark-
able abnormalities. Animals were euthanized following standard pro-
tocol using barbital prior to blunt dissection. All organ systems were
examined succeeding ventral dissection and noted as grossly unre-
markable. Abdominal organs were excised by pluck dissection and
placed in formalin. Brain and spinal column were placed in Formical
for 24 h and then transferred to 70% EtOH. Tissues were dissected
from pluck and placed into individual cassettes to be submitted to
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the Comparative Pathology Laboratory at UAB where 5-mm sections
were cut from paraffin-embedded tissue specimens and stained with
hematoxylin and eosin. Samples were blinded, and histologic lesion
spectra were evaluated by a board-certified veterinary anatomic
pathologist. Representative lesions were imaged using Nikon
Elements D software and a Nikon Eclipse Ci light microscope.
FACS analysis

Animals were euthanized according to a standard protocol using iso-
fluorane inhalation followed by cervical dislocation. Cardiac puncture
was performed to collect blood for plasma analysis. Spleen, thymus,
and mesenteric lymph nodes were collected and weighed, then sin-
gle-cell suspensions were isolated from fresh tissues and cells were
counted manually using a hemocytometer. Zombie Aqua (cat.
#423101, dilution 1:1,000) was used to stain for dead cells. Cell-surface
stains were applied and FACS analysis was performed using LSRII
(Flow Cytometry Core, UAB). Primary antibodies were all from Bio-
legend and include: CD3 PE (cat. #100307, dilution 1:200), CD4
PacBlue (cat. #100427, dilution 1:200), CD8 PECy7 (cat. #100721,
dilution 1:400), TCRgd PerCP Cy5.5 (Cat # 118117, dilution 1:400),
NK1.1 FITC (cat. #108705, dilution 1:100), Foxp3 AF647 (cat.
#126407, dilution 1:100), and CD19 FITC (cat. #152403, dilution
1:200). Data were gated and analyzed using FlowJo software.
NF1 genotype-phenotype correlations

Comprehensive NF1 mutation analysis, interpretation of variant
pathogenicity, and collection of clinical data were performed as pre-
viously described.48,49 To describe the phenotypes, we used the same
approach as previously reported.48–51 For the current study, the
aggregated phenotypic dataset was derived solely from the phenotypic
checklists originally submitted by the referring physicians when
genetic testing was requested. Individuals with missing data for a
particular sign and/or symptom were classified as “unknown” or
“not specified” and consequently excluded from that part of the
aggregated phenotypic data. Most features were identified by physical
examination; ophthalmologic examination for Lisch nodules and im-
aging to detect asymptomatic optic pathway gliomas and spinal neu-
rofibromas was not performed in most individuals.
Ethics statement

All procedures were conducted with the approval of the UAB Institu-
tional Animal Care and Use Committee (IACUC) and the UAB
Animal Resources Program and follow guidelines for the care and
use of laboratory animals and rodent survival surgery under approval
number APN 20300. Animals are sacrificed in full accordance with
the IACUC guidelines. This includes CO2 gas inhalation followed
by cervical dislocation or decapitation for rodents. These methods
are consistent with the recommendation of the Panel on Euthanasia
of the American Veterinary Association.
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