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Understanding variability in outcome for people with WS



* 95% of people with WS 
have a 1.5-1.8 MB deletion 
at 7q11.23 
* ~5% have atypical 
deletions

Lugo et al, AJMG 2020

Atypical WS Deletions and 
second genetic events explain 
many “rare-rares”



Williams Critical Region (26 genes)

ELN LIMK

Variably deleted region
2 genes

Centromeric (3 genes) Telomeric (16 + genes)
7q11.23

AUTS2 CALN
YWHAGNCF1

BAZ1B GTF2IRD1 HIP1 HSPB1

WSCR flanking genes impact phenotypic outcomes

POR

Smaller than typical head size
Decreased speech, autism
Spasticity
Severe reflux in deletions extending even further centromeric

Adapted from Lugo et al, AJMG 2020



Williams Critical Region (26 genes)

ELN LIMK

Variably deleted region
2 genes

Centromeric (3 genes) Telomeric (16 + genes)
7q11.23

AUTS2 CALN
YWHAGNCF1

BAZ1B GTF2IRD1 HIP1 HSPB1

Autism
Seizures (MAGI2)
Other heart anomalies
Genital anomalies (possibly related to 
hormone function-POR)

POR

WSCR flanking genes impact phenotypic outcomes

Adapted from Lugo et al, AJMG 2020



Elastin mediated vascular disease

Li et al, 
Nature, 
1998
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WS arises due to misalignment of flanking low copy number repeats

7q11.23

Chromosome 7

Classic 1.55 Mb deletion
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*diagram credit L Osborne for
Kozel et al, Nat Rev Primers on WS



Dosage of NCF1,the regulatory component of NADPH oxidase (NOX), is 
associated with risk of hypertension and vascular stiffness in WS

Kozel et al, Hypertension, 2014

 
 
Figure S5.  NCF1 copy number modifies vascular disease severity in WS. Regression 
analysis is used to assess the effect of NCF1 copy number on PWV (n=55).  Removal of the 
single participant with the highest PWV (denoted # in Figure 3) increases the difference in 
PWV observed between CN=1 and CN=2 individuals, with those with NCF1 CN≥2 (black) 
having higher PWV than those with CN=1 (gray) (p< 0.005 for elevation).   In addition, 
there is a trend toward better protection from increasing PWV with older age (p value for 
slope improves from 0.6 (in Figure 3) to 0.1 (below).  
 

 

 
 
Figure S6.   NCF1 copy number modifies hypertension risk in WS. Fisher’s exact test 
was performed to evaluate the prevalence of hypertension in WS participants with 1 vs ≥2 
copies of NCF1. (N= 99 WS individuals for whom hypertension status and NCF1 copy 
number were known). Gray bars show those with hypertension and black bars show those 
without.  Prevalence of hypertension is reduced in those with NCF1 CN=1 (p =0.03). 
 

 
  p=0.03



Altered anatomy produces turbulent (oscillatory) flow 
and increased reactive oxygen species (ROS) in Eln+/-

Troia et al (Kozel lab), Function 2021

Eln+/+ Eln+/-



Nox1 mediates blood pressure change in Eln+/- mice

Troia et al (Kozel lab), Function 2021

Phenylephrine



Decreased Nox dosage is associated with lower 
blood pressure and decreased stiffness in Eln+/-

Troia et al (Kozel lab), Function 2021



Looking for genetic modifiers associated with 
severe outcomes

People 
with WS
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no stenosis

People with 
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Considerations for improving power for modifier studies 
in small sample size

Parrish et al (Kozel lab), 
Hum Mol Genetics 2020

Hypothesis:
Variation in multiple genes contribute to the ultimate 
phenotype.  
Variants may synergize to amplify the phenotype



Adapted from: Luperchio and Kozel, Current 
Opinion in Genes and Development 2022

MModifiers work in combination to generate the 
final phenotype

to generate the final phenotype

No 
stenosis



Finding modifiers by putting our focus where it matters

Combined Annotation Dependent Depletion (CADD) phred

Parrish et al (Kozel lab), Hum Molec Genet 2020

Approach:
Extreme phenotypes
Limit variants evaluated
Increased likelihood of pathogenicity
Condense search to pathways rather 
than individual variants or genes



Extracellular 
matrix

Immune system
Lipoprotein metabolism

G protein signaling

Parrish et al (Kozel lab), Hum Molec Genet 2020

Finding modifiers by putting our focus where it matters
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Common and rare variant analyses reveal 14 pathways 
in which variation is associated with SVAS outcomes

Liu et al, Submitted, 2022



A

B

Innominate
Innominate

LC
LC

Normal

Stenotic/Overgrowth

Sm22a+; ElnF/F; Rag1-/- Sm22a+; Eln+/+; Rag1-/-

Lin, C-J et al, ATVB 2021

Elucidating the role of immune dysfunction on stenosis risk:
Loss of T and B cells leads to earlier death in a conditional elastin knockout model

Knutsen and McIntosh, Unpublished



7q11.23
Promoter

Translation

Mature Elastic Fiber

DNA RNA

Crosslinking

Hydrophobic

Signal Peptide

Hydrophilic C-terminus

Promoter

2. Splicing

4. miRNA

3. mRNA turnover

5. Assembly

1. Promoter Activity

Tropoelastin

Matrix Associated Proteins

Elastin Assembly and 
Crosslinking Proteins

Microfibril

Transcription Factors

Procknow and Kozel, AJP Cell 2022

Missing heritability/sources 
of variability
• Non-coding
• Splicing
• Epigenetic modification
• RNA stability control
• Control of assembly



Conclusions:

• Variation within and at a distance 
from the WS deletion region 
influences outcomes

• Modifier studies are possible in 
small, rare disease cohorts

• Candidates identified benefit from 
replication and further mechanistic 
validation

• In the case of WS, our study 
identified several key pathways that 
have the potential to influence 
vascular outcomes

• Several have already been evaluated 
for a role in this condition 

• Pathways identified may be key to 
developing new therapeutics



Clinical Observation: Elevated heart rate in 
people with WSA
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Levin et al, JACC EP 2022



Individuals with WS exhibit decreased 
heart rate variability
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Impact of HRV differences in WS

• Increased time in “fight or flight”
• Decreased time in “rest and digest”

Implications for:
• Anxiety
• Executive processing
• Abdominal pain
• Sleep

Image from byjus.com
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Thank you



Thank you!
Contact with questions: 

Beth.Kozel@NIH.gov 

mailto:Beth.Kozel@NIH.gov


Abstract:
Williams syndrome is associated with a characteristic set of developmental and medical features.  However, the number 
and severity of symptoms vary from person to person.  The Kozel lab at the NIH works to identify genetic changes that 
influence those outcomes.  The presentation will outline 1) the impact of atypically large WS deletions, which produce 
important but rare phenotypes in people with WS, 2) more subtle differences in deletion size within the low copy 
number repeat regions that impact hypertension risk, and 3) the role of exome-wide single nucleotide variation on SVAS.  
Targeting these modifier genes and pathways may lead to novel therapeutics to treat health concerns in WS.  If time 
permits, the speaker will also touch on new unpublished findings relating to non-coding variation in the WS region that 
contribute to stenosis risk and a brief overview of a recently completed study on heart rate variability and autonomic 
response.


