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Á~5% of all children
ÁLife-long morbidity; higher mortality
ÁLargest single group of healthcare costs for 

children

ÁÃÏÎÔÒÉÂÕÔÉÏÎ ÔÏ ÔÈÅ Ȱ$ÉÁÇÎÏÓÔÉÃ /ÄÙÓÓÅÙȱ
ǐBerry, Poduri, Bonkowskyet al., 2012, PLoSMedicine

ÁKnown and unknown causes of disease

Ámany rare diseases

Áfor most patients the genetic cause has been unknown



Á>2,025 rare diseases
Á25 million Americans 

affected
Áorphan disease:
ȰÆÏÒ ×ÈÉÃÈ ÔÈÅÒÅ ÉÓ ÎÏ ÒÅÁÓÏÎÁÂÌÅ 
expectation that the cost of 
developing and making available in 
the United States a drug for such 
disease or condition will [be] 
recovered from sales in the United 
3ÔÁÔÅÓ ÏÆ ÓÕÃÈ ÄÒÕÇȱ





ÁA disease that has not been diagnosed because 
the correct test has not yet been performed

Árare disease

Áatypical presentation of a more common disease

ÁA disease that has not been diagnosed because 
×Å ÄÉÄÎȭÔ ËÎÏ× ÔÈÅ ÄÉÓÅÁÓÅ ÅØÉÓÔÅÄ

ǐmajority of undiagnosed diseases are 
neurologic



ÁCure
ÁTherapy/Treatment
ÁClinical Trials
ÁNatural history studies
ÁPrognosis for family
ÁGenetic counseling
ÁGenetic and biochemical pathways of disease



Pediatric Neurology

- MRI: 20% diagnosis
- CGH microarray: 10% 
- NGS (Next-Generation Sequencing): 40%



ÁLeukodystrophy:

ÁGenetic

ÁInvolvement of white 
matter (myelin)
ǐNot secondary to a different 

etiology (trauma, prematurity, 
etc.)



ÅThree types:

ÅHypomyelination

ÅDysmyelination

ÅDemyelination

Å30 canonical genes, >700 total genes

ÅDiagnosis rates ~50%



ÁCauses of leukodystrophiesnot known
ÁHow to diagnose unknown
ÁNo treatments





Bonkowsky et al., Neurology, 2010





Hypotheses:
1. costs are substantial.
2. NGS will help.



ÁFalse
ÁAverage costs of 

$4209/patient

ÁCompared to average 
healthcare costs of 
$107,000/patient

ÁConclusion: reaching 
a diagnosis is not the 
primary driver of costs 



ÁTrue

ÁCharges for the entire cohort= $538,053

ÁIf NGS had been performed instead= 
$371,200

Áand equal or better diagnosis rate

ÁConclusion: Use NGS early
Richards et al., 2015, Neurology
Richards et al., 2015, Am J Med Genetics



ÁNGS has revolutionized diagnosis

ǐSequencing technology is on the time-scale of 
hours/days
ǐInterpretation is weeks to months

ÁBut accompanying limitations:

ǐsequencing informatics bottleneck

ǐbiology bottleneck of variants
ǐeach individual has ~74 germline de novo mutations

ǐthe spectreof non-coding variants 

ǐthe role of somatic mutations



Two Steps:

1.  Test treatable disorders 

Either: 

Leukocyte Lysosomal Enzymes and 
Serum Very Long Chain Fatty Acids

or

Rapid Whole Exome

2.  Whole exome/genome or 
leukodystrophy gene panel





Number of Leukodystrophy 
cases per 100,000 PHIS patients







ÁNGS diagnosis is less expensive

ÁThan traditional diagnosis

ÁThan clinical care

ǐThe Diagnostic Odyssey can be finite

ÁNGS algorithms for diagnosis should be 
developed

ÁConsider NGS to reduce diagnosis disparities





ÁCRISPR is the most recent and most 
successful of genome editing techniques

ÁZFN (zinc-finger nucleases)

ÁTALENs (transcription activator-like effector 
nucleases)

ÁZFNs and TALENs require customization to 
efficiently target a sequence, and are more costly 
and difficult to develop for each target



ÁCRISPR/Cas system is a prokaryotic (bacterial) 
ȰÉÍÍÕÎÅȱ ÓÙÓÔÅÍ ÔÏ ÁÔÔÁÃË ÆÏÒÅÉÇÎ $.!

ÁCRISPR: 
ClusteredRegularlyInterspacedShortPalindromicRepeats

ÁCas: CRISPR-associated system

ǐCas9: an RNA-guided DNA endonuclease

ÁSynthetic gRNA (guide RNA) matches a 
sequence in the target, and then guides the 
Cas9 system over to cut at that locus





1. Vertebrate
2. Conserved genes

3. Rapid development
4. Inexpensive 









ÁAnalyze 1000s of animals per day

Á1000s of tanks in a facility

ÁGeneration time: 8 weeks



Áwhole animal biological complexity
Árapid development
Áhigh-throughput screening

ǐ62% of new drugs discovered using phenotypic 
screening









Á Bi-allelic knockdown using CRISPR >80%
ÁBoth copies of a gene are mutated

ÁFrom the 1-2 cell stage of life

ÁCRISPR construct is easy to make and can be ready in 
<1 week and <$400

Á Multiple genes can be targeted simultaneously
Á >1000 animals can be generated in a week and tested by an 

undergraduate
Á Results can be known in 1-2 weeks for developmental 

disorders 
ÁBecause embryogenesis occurs in first 3 ɀ7 days



ÁLimits

ÁSome genes in the zebrafish genome are duplicated

ÁA stable mutant for long-term studies takes 1 year to 
generate

ÁSome disorders are not amenable for zebrafish (for 
example, thumb development, or disorders of the 
placenta, etc.)

Á3ÏÍÅ ȰÒÅÓÃÕÅȱ ÍÁÙ ÏÃÃÕÒ ÂÙ ÏÒÔÈÏÌÏÇÓ



Zebrafish have unique benefits as a vertebrate model 
organism

- rapid generation time, high numbers, and    
inexpensiveness

CRISPR is fast and efficient in zebrafish

Zebrafish have emerged as a powerful tool for testing 
NGS results





1. specific gene variant enriched/specifically 
associated with a disease

2. a mutant phenotype in a model system 
matches a phenotype from human

3. Rescue of the mutant phenotype with wild-
type allele

4. Inability of mutant allele to rescue 
phenotype

adapted from Chakravartiet al., 2013, Cell



ÁCase 1:

ÁNewborn infant requiring artificial ventilation

ÁGenetic testing showed that it was not SMA

ÁGuidance needed for parents and physicians





Á Sequencing showed p.S477N mutation 
in a ribosomal biogenesis protein: 
LAS1-like

Á Confirmed in zebrafish
Á New biochemical pathway in 

neurological disease

Butterfield et al., Neurology, 2014



ÁStevenson and Carey, AJMG, 2007

ÁSiblings with muscular contractures, seizures, and brain 
structural abnormalities

ÁNGS suggested NAV1 gene



Á zebrafishmorphantsand CRISPR are normal
Á sequence re-analysis did not confirm NAV1 (and did not identify other 

better candidates)!



TP73: a Novel Amyotrophic Lateral 

Sclerosis Gene



Renton et al. (2014),

Nat. Neurosci 
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Neurology



87 SALS patients

(exome sequenced)

324 controls

(Simons Simplex Collection)

Burden testing

Prioritized gene list

by burden

Candidate gene list

applicable to a

phenotype/disease

Re-ranked gene list 

with

genes relevant to a 

phenotype

ranked higher



ÁTwo known ALS genes in top 5 ranked 

genes from VAAST/PHEVOR
ÁMAPT (rank: 3)

Á SOD1 (rank: 5)

ÁTP73 (rank 2)

ÁOne of two genes that possessed a VAAST 

burden level approaching genome -wide 

significance

ÁFour different rare missense SNVs in five patients

ǐ1 in-frame indel upon screening for indels

ÁPart of the p53 family of tumor suppressor proteins

ÁNeuronal survival factor



~2,800 patients from Cirulli et al. (2015) Science  

All SNVs are 

deleterious 

according to 

MetaSVM

24 rare (MAF<0.0005) TP73coding variants were found in ~2,900 ALS patients



The Company of Biologists, Ensembl , Lizzy Griffiths.
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