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CRISPR/Cas9 Gene Editing

Double-stranded break

Non-homologous end joining (NHEJ) 90% Homology directed repair (HDR) 10%

X X
Donor DNA

Indel disrupts gene of interest

Repaired gene of interest

gRNA



Example CRISPR/Cas9



CRISPR/Cas9
Advantages Disadvantages

• Low efficiency of editing 
• Non-specific gene editing 

(off-target)
• Each guide is generally 

mutation specific and not 
applicable to all 
mutations in a given gene

• Requires exogenous 
protein expression, which 
adds to complexity of 
clinical applications

• Permanent cell editing
• Extreme ease of design
• Low cost as a reagent

Stage for NF1:  Testing CRISPR in vitro and in vivo after nanoparticle delivery



Gene Replacement

Cell with mutant gene Normal gene copy is introduced Gene function is replaced



Example Gene Replacement



Gene Replacement
Advantages Disadvantages

• Inefficient cargo 
delivery

• May not be permanent
• Still at early stage 

clinically
• Complex and costly to 

manufacture
• Payload is limited

• Targets large mutation 
spectrum

Stage for NF1:  Testing in vitro and in vivo in NF1 deficient rat mammary tumors
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Ribozymes
Advantages Disadvantages

• Low efficiency of 
editing

• Non-permanence
• Off-target effects
• Early stage clinically

• Does not change DNA

Stage for NF1:Testing in vitro and evolving ribozymes in human cells for 
increased efficiency
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ASOs
Advantages Disadvantages

• Stability
• Biodistribution 
• Cell penetration 
• Endosomal escape
• Off-target effects 

• Virtually any gene can 
be targeted

• Address targets 
otherwise inaccessible 
with traditional 
therapies 

• Reduced toxicity
• Already in clinic

Stage for NF1:In vitro correction of both exon skipping and cryptic splice site 
repression and moving in vivo in Exon 13 and 17 humanized mouse models



Nonsense suppression



Ataluren for DMD and CF



NSTs
Advantages Disadvantages

• Efficiency of readthrough
• NMD
• Off-target toxicity effects 

of aminoglycosides
• Genomic context effects 

are unpredictable

• ~11% of all mutations
• Small Molecules
• May be able to 

repurpose other drugs 
• Potential to be 

combined with NMD 
inhibitors

Stage for NF1: ~20% of NF1 mutants; Testing in vivo in mouse models



Protein Replacement



Enzyme Replacement Therapy 
(ERT)
Advantages Disadvantages

• Manufacturing cost
• Targeting to correct 

tissue is limited
• Requires injection
• Poor stability 
• Possible immunogenicity

• Well established 
particularly for 
Lysosomal Storage 
Disorders

• Highly selective
• Potent 
• Low toxicity

Stage for NF1: Protein production is limited



Modulators



Modulators
Advantages Disadvantages

• Limited to select CFTR 
mutations

• New screens required 
for other proteins

• Small molecules 
• Low toxicity

Stage for NF1: NA
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Additional Challenges for 
NF1



• Different methods to deliver therapeutic 
DNA, RNA, proteins, and small molecules to 
target cells. 

Cell Penetrating 
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Delivery Methods



Target 
Cell/Phenotype

• Schwann cells – cNF or pNF

• Neurons - ADHD

• Melanocytes – Pigment, CALMs

• Osteocytes – bone defects

• Glia – gliomas

• Tumors - MPNST



How much NF1 needs to be restored?
• UNKNOWN

• Affected individuals with the same mutation, may differ in phenotypic 
severity

• Different heterozygous patient mutations lead to different levels of 
expression of mutant and normal NF1 alleles within patient fibroblasts, 
ranging from 12% to 89% of normal levels

• Neurofibromin has been shown to form dimers

• Protein expression levels do not equate to function

• Restoration of at least 50% neurofibromin function may rescue some in 
vivo phenotypes but not pERK phenotypes

• NF1 phenotypes are cell type-specific, and so are NF1 expression levels. 

• Ras independent functions



Timing and Risk

• When is the best time to initiate treatment? 
• Prophylactic or therapeutic

• Age of onset and variability in severity are confounding
• Plexiform tumors likely develop early in life and risk becoming MPNST
• cNFs can develop later in life and are benign

• Different phenotypes carry different risk

• Different approaches confer different risks




