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Somites give rise to the vertebral column

R
C

neural arch
vertebral
body

intervertebral
disk

rib

vertebraC
R

Notch
FGF
Wnt
Retinoic acid

bone
muscle
ligament
tendon



2: Paraxial Mesoderm
AP patterning

Somite Derivative Specification depends on AP level/Hox code

7: cervical region

12: thoracic region

5: lumbar region

5: sacral region

4: caudal region (tail)



Lfng-GFP Hes7-Luc Kageyama et al WIREs Dev Biol 2012 Aulehla et al Nat Cell Biol 2008

NOTCH1 target gene expression in the presomitic
mesoderm



NOTCH1 activity in the presomitic mesoderm

Farkas et al Nature 2002

tail bud

presomitic mesoderm somites



Dunwoodie et al Dev 2002

Dll3 is required for formation of somites and vertebrae
+/-

-/- -/-+/-

-/-



Dll3-/- Mesp2-/- Lfng-/- Hes7-/-

Sparrow et al Mammalian Genome 2011
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Genes required for somitogenesis in mouse



MOUSE
1-3 hours per somite
embryonic days 8-13
36 vertebrae  + 26 in tail

HUMAN
4-6 hours per somite
embryonic days 20-30
33 vertebrae



Spondylocostal dysostosis (SCD) is caused by mutation in 
Notch associated genes

SCD1 DLL3

Bulman et al 2000
Turnpenny et al 2003

SCD2 MESP2

Whittock et al 2004

SCD3 LFNG

Sparrow et al 2006

SCD4 HES7

Sparrow et al 2008 

SCD5 TBX6
dominant 

Sparrow et al 2013 
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SCD6 RIPPLY2

McInerney-Leo et al 2014



New cause of birth defectsComplex birth defects
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Folic acid supplementation reduces the incidence of neural 
tube defects 



HAAO or KYNU variants in families with multiple congenital 
malformation and miscarriage

A

C

B

D
I.1

d/+
I.2

+/e

II.1 II.2
d/e

I.1
b/+

I.2
b/+

II.1
b/+

II.2
b/+

II.3
b/+

II.4
b/b

I.1
c/+

II.1
c/+

II.2
+/+

II.3
c/+

II.4
c/c

II.5

I.2
c/+

I.1
a/+

I.2
a/+

II.1
a/+

II.2
a/+

II.3
a/a

II.4
a/+

II.5
a/+

A

C

B

D
I.1

d/+
I.2

+/e

II.1 II.2
d/e

I.1
b/+

I.2
b/+

II.1
b/+

II.2
b/+

II.3
b/+

II.4
b/b

I.1
c/+

II.1
c/+

II.2
+/+

II.3
c/+

II.4
c/c

II.5

I.2
c/+

I.1
a/+

I.2
a/+

II.1
a/+

II.2
a/+

II.3
a/a

II.4
a/+

II.5
a/+

HAAO: p.D162* (HAAO) HAAO: p.W186* (HAAO)

KYNU: p.V57Efs*21 (KYNU) KYNU: p.Y156* (KYNU)
KYNU: p.F349Kfs*4 (KYNU)

2005 – 2012 2015

2008 - 2014 2016

Shi et al. NEJM 2017
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Family A B C D

Vertebral
segmentation 
anomalies

+ + +++ +

Cardiac ASD HLH PDA HLH

Renal hypoplasia, VUR hypoplasia, 
dysplasia

hypoplasia solitary kidney, chronic 
disease

Limb talipes - talipes, syndactyly, rhizomelia short long bones

Ear SNHL, Mondini defect left SNHL low-set ears -

Other features short stature, GDD, ID, 
laryngeal web, laryngo-
malacia, cleft palate

left vocal cord 
palsy

anterior anus short stature, 
speech delay

+/- +/- +/- +/-

+/- +/- +/-+/- +/- +/- +/- -/--/-
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+/- +/- +/- +/-

+/- +/-

Patient HAAO HAAO KYNU KYNU

New cause of birth defectsHAAO or KYNU variants in families with multiple congenital 
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KYNU and HAAO required to synthesise NAD from tryptophan  

Kynureninase

3-Hydroxyanthranilate 3,4-dioxygenase

NAD precursors 
tryptophan 60:1
vitamin B3          1:1     
niacin equivalents

Vitamin B3
niacin/nicotinic acid
nicotinamide
nicotinamide riboside



Does the variant disrupt protein function?

Does the variant affect protein function in patients?

Is the genes required for embryogenesis?

What alters penetrance and expressivity of the variant?

Building evidence of a gene or variant’s role in disease



Family A B C D
Gene HAAO HAAO KYNU KYNU

DNA 
variant(s)

c.483dupT
homozygous

c.558G>A
homozygous

c.170-1G>T
homozygous

c.468T>A
c.1045_1051 delTTTAAGC

Protein variant(s) p.D162* p.W186* p.V57Efs*21 p.Y156*
p.F349Kfs*4

p.D162* p.W186* p.V57Efs*21 p.F349Kfs*4

p.Y156*

p.T198A

WT

Are the variant enzymes active? YES!
- quantifying enzymatic activity in vitro

KYNU p.T198A that is associated with hydroxy-kynurenin-uria but not congenital malformation 



Do the variants affect enzyme function in patients?
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YES!
-quantifying metabolites in patients



SUPPLEMENTARY APPENDIX 
 
 

page 27 

Figure S7 
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Haao Kynu

Shi et al. NEJM 2017

Is the genes required for embryogenesis? YES
-identifying a phenotype in mice

Defects: heart, vertebral, kidney, cleft palate, talipes, syndactyly, 
caudal agenesis

Increase in upstream metabolites
Decrease in downstream metabolites
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Haao -/- and Kynu -/- embryos   (E18.5) 
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Niacin supplementation prevents NAD deficiency and defects

148 µg NE / day 179 µg NE / day 210 µg NE / day

half miscarried
all abnormal

none miscarried
all normal

b b b

none miscarried
1/3rd abnormal

T2-3 vertebral fusion
kidneys 30% reduced

+20% 

Haao -/- and Kynu -/- embryos   (E18.5) 
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Figure 3. Effect of Niacin Supplementation on Levels of NAD in Null Mouse Embryos{q5}.
Female mice that were homozygous null for Haao or Kynu were mated with heterozygous male mice. Pregnant mice were fed a niacin-free 
diet supplemented with 5, 10, or 15 mg of nicotinic acid per liter of drinking water from embryonic day 7.5 to 9.5. Embryos were harvested 
at embryonic day 9.5, and levels of NAD(H) (the sum of NAD+ and NADH) were quantified. The difference between groups was tested with 
the use of a one-way analysis-of-variance test based on log2-transformed data, followed by Dunnett’s multiple-comparison test (all other 
groups vs. null mice receiving 5 mg of nicotinic acid per liter). The middle lines of the I bars indicate mean values, and the I bars ±1 SD.
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Loss of KYNU or HAAO
causes NAD deficiency 

and defects
humans and mice

nicotinamide
riboside

Vitamin B3 supplementation 
bypasses mutations

prevents NAD deficiency
and defects 

mice

nicotinamide
riboside

Shi et al. NEJM 2017

Can diet cause
NAD deficiency?

mice

nicotinamide
riboside



• genome sequencing (human)

• enzyme activity assays (in vitro)

• quantifying metabolites with LC-MS (human and mouse)

• generation of mutant mice (CRISPR-Cas9) 

• mouse phenotyping (skeletal, heart, kidney, etc)

• whole mouse embryo phenotyping (microCT)

Methodologies used in this research



Using microCT to phenotype mouse embryos and whole litters 

E14.5

Gavin Chapman

E11.5
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