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Roadmap in LBSL – an ultra-rare disorder 
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9/14 First meeting with 
McGinn Family 

Establish model 
systems in the lab

Testing Therapeutics in model systems 

(anti-oxidants, small molecules, ASO, gene therapy)
Project 

Planning

Natural History Study in USA
Outcome Measure Studies in USA, Netherlands, Finland

FDA

First In Human Trials
Tox

studies FDA



Overview

• Modeling disease

• Summarize mouse data

• Overview of future mouse projects (Inés)

• Review of patient cell data

• Characterization of neuronal growth and function

• “Mini brain” study and findings

• Therapeutic strategies:

• AAV9 (Adam)

• Antisense oligonucleotides (Manou)

• Conclusions



How to model disease
PROS CONS

• Well established methods for 
analysis

• System-wide effects of a mutation
• Optimal for therapeutic testing
• Many variations can be made

• Can’t replicate all types of mutations
• Mice don’t always develop a disease 

phenotype
• Experiments can be very long
• Expensive

• Can be variant or patient-specific
• Can assess cell type-specific effects
• Respond to therapies
• Relatively quick

• Often takes time to optimize ideal 
conditions

• Cell behavior may change in 2D
• Expensive

MOUSE

CELL



Modeling LBSL 
in Mice

Inés Garofolo



Why use Transgenic Mice?

• Share ~70% of the same protein-
coding gene sequences

• Can specifically target genes of 
interest in a controlled environment.

• Allows us to test new therapy 
treatments at a faster pace



DARS2 mouse 
model 

DARS2: Codes for mitochondrial 
aspartyl-tRNA synthetase



Modifying Dars2 in mice

Complete 

loss of 

DARS2

Loss of 

DARS2 in 

the brain

Loss of 

DARS2 in 

certain brain 

cells

CamKIIα:  subtype of “excitatory” 

neuron found in the hippocampus 

and cortex
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Full knockout of DARS2 is embryonic lethal



Methods of Measurement

BEHAVIORAL TESTING TISSUE SECTIONING AND 
STAINING

VISUALIZATION OF TARGET 
CELLS AND PATHWAYS



Dars2 deletion in CamKIIα leads to progressive increased activity

Nemeth et al., 2019
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Dars2 deletion in CamKIIα leads to progressive increased activity
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Methods of Measurement

BEHAVIORAL TESTING TISSUE SECTIONING AND 
STAINING

VISUALIZATION OF TARGET 
CELLS AND PATHWAYS



Cell nucleus

Inflammatory Cell
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p = 0.08

Microglia

Activation

Control

Mutant

Nemeth et al., 2019
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Dars2 deletion in CamKIIα leads to neuronal loss and inflammation



Methods of Measurement

BEHAVIORAL TESTING TISSUE SECTIONING AND 
STAINING

VISUALIZATION OF TARGET 
CELLS AND PATHWAYS



RNA Sequencing

Each row represents a gene’s 
activity

Gene activity increased

Gene activity decreased

LBSL mice show strong increase 
in inflammatory genes

Nemeth et al., 2019

Unchanged

16



Downside of CamkIIα model: not precisely comparable to patients

New Models of Interest

Oligodendrocyte Cre KO

• Deletion of Dars2 in early white 
matter cells

• Currently building colony

Advillin Cre KO

• Deletion of Dars2 in the dorsal root 
ganglia

• Arrived last week

Dorsal Root Ganglion

Spinal Cord

Oligodendrocyte



How to model disease
PROS CONS

• Well established methods for 
analysis

• System-wide effects of a mutation
• Optimal for therapeutic testing
• Many variations can be made

• Can’t replicate all types of mutations
• Mice don’t always develop a disease 

phenotype
• Experiments can be very long
• Expensive

• Can be variant or patient-specific
• Can assess cell type-specific effects
• Respond to therapies
• Relatively quick

• Often takes time to optimize ideal 
conditions

• Cell behavior may change in 2D
• Expensive

MOUSE

CELL



+ Reprogramming Factors

Cardiomyocytes

Adipocytes

Dopamine Neurons
Motor Neurons

Pancreatic Cells

Hematopoietic 

Progenitor Cells

iPS Cells

Neural

Cells

Cells derived from skin or blood

Figure modified from R&D Systems, Inc

How do we make iPSCs?

Mingyao Ying, PhD



Sagal et al., 2014; Stem Cell Transl Med

iPSC to Motor Neurons

• 7 patient lines created from PBMCs collected at 
Kennedy Krieger Institute

• Reprogrammed at Cedars Sinai Induced 
Pluripotent Stem Cell Core (Los Angeles, CA)

• Lentiviral transduction with Ngn2

• Age and sex matched controls





Analyze growth of patient-derived neurons

Control
LBSL
LBSL
LBSL
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Using a microscope and imager that stays 

with the cells in an incubator



Hours after placement in maturation mediaHours after placement in maturation media

Branch Points

Neurite Length



Osmosis.org

Neurons are “electrically excitable”



Measuring the electrical activity of neurons 

Cells are grown in a dish over top 
of very small electrodes.



LBSL motor neurons show decreased spontaneous firing

Axion Biosystems 
Microelectrode Array system



Yetkin-Arik et al., 2019; Nature

LBSL motor neurons show diminished mitochondrial activity



Dr. Joseph Scafidi



Oligomycin FCCP Rotenone Oligomycin FCCP Rotenone

Baseline

ATP 
Production

Max 
Respiration

Spare
Capacity

Oligomycin FCCP Rotenone

LBSL motor neurons show diminished mitochondrial activity
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LBSL motor neurons show diminished mitochondrial activity

Control



LBSL patient cells show reduced DARS2 protein



Proteomics of “mitochondrial-enriched” fraction

441 upregulated27 downregulated



6.5

-2

Fold Change

1
-1

Larger dot = lower p

Differentially expressed



* **

Expression of mitochondrially-encoded proteins



Does aspartic acid get incorporated into mito-proteins?



• DARS2, as we know it, functions normally

• What, then, causes LBSL?

NIH funded grant to study 

LBSL
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Organoids or “mini brains”



3D cell culture and the use of LBSL cerebral organoids

Created organoids using an unguided protocol adapted from Madhaven et al., 2018; Nature Methods

Shiqi Guang



Organoids or “mini brains”
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LBSL Organoid Single Cell Solution Sequence Each Cell Gather Population 

Information

Single Cell RNA-Sequencing
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Single-cell RNAseq of LBSL organoids

Smart-seq2

• Full length and even reads across transcripts
• Ideal for detection of alternative splice forms

• 10 samples, 96 cells per sample
• 809 cells used in analyses
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13 transcripts associated 
with Dars2

Roughly half produce protein

Full length, 17 exons
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13 transcripts associated 
with Dars2

Roughly half produce protein

Full length, 17 exons

exons introns



DARS2 splice variants in control vs LBSL

Neuroepithelial Cells



Radial Glia

Cortical Neurons



• DARS2, as we know it, functions normally

• The “versions” or transcripts of DARS2 that LBSL cells produce is different than control 

cells and results in different amounts of protein



Control LBSL Control LBSL



exons

introns

Types of patient mutations

Missense mutation 
would affect the protein 

sequence
Splice site mutation 

would affect the 
presence/absence of 

exons (also referred to 
as frame shift) 
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Healthy Control

LBSL with missense

LBSL with ss mutations



Patients with 1 missense vs Control Patients with 2 ss mutations vs Control



• DARS2, as we know it, functions normally

• The “versions” or transcripts of DARS2 that LBSL cells produce is different than control cells and 

results in different amounts of protein

• Patient cells, depending on their mutations, have a different gene signature 



Gene Therapies
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AAV9 Gene Therapy as a 
Potential Therapeutic Approach 

for LBSL

Adam Ratajczak



Quick Review



AAV9 Basics

• Relatively safe 

• Cannot self-replicate

• Limited genomic integration

• High affinity for the nervous system

• Crosses Blood-Brain-Barrier



Clinical Trials

Condition Drug Name

Inherited Retinal Disease 
(AAV2)

Luxturna 

SMA (AAV9) Zolgesma

Approved AAV Treatments

Condition Status

Batten’s Disease Phase I

Type I and Type II GM1 
Gangliosidosis 

Phase I/II

AMN Phase I/II

Canavan Disease Phase I/II

Krabbe Disease Phase I/II

Current AAV9 Trials



Development of AAV9 Vector for LBSL

Piotr Walczak,

MD, PhD

Miroslaw Janowski, 

MD, PhD
Yajie Liang, PhD



In-Vitro Study of AAV9 in LBSL



Current Data



Next Steps

Confirm in-vitro results via imaging and 
qPCR

Analyze energetics in-vitro

In-vivo studies in mice and larger 
animals



Manou slides



Conclusions

• Thorough data on neuronal deletion of Dats2 in mice

• Developing two new mouse models for more accurate

phenotyping

• Patient cells show deficits in function, yet Dars2 seems to be 

fulfilling translational role

• Mini brain work has revealed different production of protein

based on cell type, and unique signatures of gene expression 

based on the patient mutation

• These models will all be useful for testing gene therapies and 

for further investigation into mechanism of Dars2 dysfunction



LBSL Patients and Families!

Ali Fatemi, MD, MBA

Shiqi Guang, MD

William Baek

Brett O’Brien

Adam Ratajczak

Manouchehr Amanat, MD

Ines Garofolo

Sophia Tomlinson

Amena Smith Fine, MD, PhD

Ann Moser

Bela Turk, MD

Karen Smith-Connor
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Dars2 deletion in CamKIIα leads to progressive increased activity

Nemeth et al., 2019
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Dars2/CamKIIα show brain pathology beginning at 6 months 

Nemeth et al., 2019
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Cell nucleus
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Dars2 deletion in CamKIIα leads to neuronal loss and inflammation



Dars2 deletion in CamKIIα leads to neuronal loss in the cortex

68



RNA Sequencing

Each row represents a gene’s 
activity

Gene activity increased

Gene activity decreased

LBSL mice show strong increase 
in inflammatory genes

Nemeth et al., 2019

Unchanged
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LBSL motor neurons show diminished mitochondrial activity
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