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Agenda

• The state of peer-reviewed literature:  What’s been published 
since 2013?  

• Tools for identifying funded-research, clinical trials, and 
scientific literature

• How VACTERL Association became a focus at Mayo Clinic

• On-going studies of VACTERL families at Mayo Clinic
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State of VACTERL/VATER Research
• Since 2013, 212 papers published
 26 review articles
 1 meta-analysis
 1 clinical study
 0 clinical trials
 153 humans studies

• Surgical interventions
• Diagnostics
• Case studies

 22 animal studies
• Embryogenesis

 15 federally-funded
 31 non-federally funded
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Tools for Finding Federally Funded 
Research
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Search
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Grants
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Results
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How VACTERL Association became a 
research area at Mayo Clinic
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Eduardo N. Chini M.D., Ph.D.
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The breakdown of food for energy requires 
proteins called enzymes and biomolecules 

called coenzymes (vitamins)
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The breakdown of food for energy requires 
proteins called enzymes
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The breakdown of food for energy requires 
proteins called enzymes and (in some cases)
biomolecules called coenzymes (vitamins)
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The Vitamin B3 Complex is critical to what is 
arguably one of the most important metabolic 

pathways:  NAD+ synthesis
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Hogan et al., 2019

Consequence of low NAD+ levels
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The Connection between Vitamin B3 
and VACTERL/VATER Association
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KYNU

HAAO

HAAO Variant

KYNU Variant



©2019 MFMER  |  slide-26

Pathway Redundancy 
and ‘NAD+ Boosting’
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Let’s talk about gene variants….
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Parents each contribute one 
chromosome to make 23 pairs
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Central Dogma of Biology
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What is a gene variant?
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Patterns of Inheritance of Genes or 
Gene Variants

• Mendellian
Brown eyes (dominant) or Blue eyes (recessive) 

• Incomplete Dominance
Green or Hazel Eyes

• Co-dominance
Blood Type (A Positive + B Positive = AB Positive)

• Polygenic Inheritance
Human Skin Color

• Sex Linked Inheritance
Red/Green Color Blindness in Males
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Male person

Female person

Miscarriage

Affected person

Deceased person

Marriage among 
related people

a,b =   HAAO variants

c,d,e =   KYNU variants

+     =   No variants

Marriage among 
non-related people a) How many people in 

Family C have a gene 
variant?  b) How many 
people in Family C are 
affected by a gene 
variant?
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Recessive Pattern of Inheritance

Toe
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• Malformations similar to those 
observed in VACTERL 
Association found in mouse 
embryos with:

gene variants in NAD+ 
synthesis enzymes (HAAO 
and KYNU)

a diet low in vitamin B3 
(niacin)
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Implications of Identifying NAD+ Pathway 
Variants in Families with VACTERL  

Association?
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Let’s talk about mitochondria…
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• Mitochondria
• Cytoplasm

• Nucleus

Where is NAD+ synthesized in the cell?
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Mitochondrion

Curious properties of mitochondria
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Mitochondrion

Curious properties of mitochondria
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• Mitochondria convert the 
energy from food into a form 
that cells can use

• Mitochondria have their own 
DNA and contain 37 genes

• Thirteen (13) of these genes 
provide instructions for 
making enzymes involved in 
energy (ATP) production.
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• Over 250 mtDNA variants have 
been reported in humans

• 6 cases of proven mitochondrial 
dysfunction in patients with 
VACTERL association

• 5 of the 6 affected individuals 
demonstrated Complex IV 
deficiencies
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• Not all cells receive an equal amount             
of variant mitochondria DNA                      
(non-Mendellian inheritance)
Heteroplasmy

• Tissues with higher energy demands are 
more vulnerable to mitochondrial defects:  
central nervous system 
skeletal and cardiac muscle
 pancreas
liver
kidney

• Overlaps between VACTERL association and 
mitochondrial disorders
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Open Questions in VACTERL Research

• Do variants in NAD+ metabolism occur in US families with the 
same frequency as reported previously?

• How do variants in the NAD+ synthesis pathway impact NAD+ 
levels in VACTERL families?

• With what frequency will we identify mitochondrial DNA 
variants in VACTERL families?
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Genetic Variants in Nicotinamide Adenine 
Dinucleotide (NAD) Synthesis Pathway

An On-Going Clinical Study at the Mayo Clinic

Principal Investigator (PI):  Dr. Eduardo Chini
Co-Investigator (Co-I):  Dr. Kelly Hogan
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Tests to be performed
• DNA and mitochondrial sequencing in collaboration with GeneDx

Health survey will be used to interpret results

All samples will be de-identified to protect identity of participants

Only study staff will have access to participant protected health 
information (PHI)

No PHI will leave Mayo Clinic or be shared outside of the study 
team

• Targeted metabolomics to measure NAD levels will be performed 
at the Mayo Clinic
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• This study will collect health information and blood and 
urine samples at Mayo Clinic or a lab convenient to your 
family.

• Eligible participants:

Consented individuals with a history of VACTERL Association; 

Consented first degree family members of individuals with 
VACTERL Association; 

Consented women with a history of recurrent miscarriage and a 
family history of VACTERL Association; 

.  
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• Recent inclusion of children under 13:

Permission from parent

Child’s assent

Buccal (cheek) swab performed by parent

Urine collection from toilet-trained children by parent 
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Requires abstinence from certain foods 24 hours prior to study: 

 Red meat and meat products

 Fowl

 Peanuts

 Products containing brewer’s 
yeast (eg beer, vegemite)
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Tools for finding privately and federally 
funded clinical studies
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List
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Study Details
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Preliminary Findings from a Group of 
GeneDx patients with VACTERL 

Diagnoses 
In collaboration with Dr. Ben Solomon, GeneDx, Bethesda, MD
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• How do we analyze a list of 
gene variants identified in 
people with VACTERL 
Association?

• We relate them to one another 
by performing ‘pathway’ or 
‘network’ analysis.

PProtein

Pathway
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Examples of Real World Networks

• Information Networks
• World Wide Web
• Library catalog

• Social Media Networks
• Facebook
• Instagram

• Communication Networks
• Telecommunications
• Power Grids
• Transportation
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Flight Paths = 
Communication Pathways in and between Cells
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Airport Destinations = Proteins
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Factors affecting airline travel network
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• Weather (can) result in changes to flight 
paths and arrival or departure from airports

• Gene variants (can) alter communication
within and between cells by affecting proteins
that drive cellular processes 



©2019 MFMER  |  slide-63

Examples of ‘cellular processes’

• Communication between the cellular environment and the 
nucleus

• Breakdown of our food into high energy molecules like ATP, 
which is made in the mitochondria

• Growth, repair and regeneration of cellular components

• Response to stress and maintenance of homeostasis (stability 
or equilibrium)
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What do we learn from identifying cellular 
pathways altered by gene variants?

 Using web-based software:

We identify pathways
affected by gene variants

We identify periods of 
development affected by 
affected pathways

• Embryogenesis

• Organogenesis
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What we hope to learn by studying gene 
variants in VACTERL Association?

• Pathway alterations that impact early development

• Interactions between the mitochondrial and nuclear genomes 

• Frequency of variants among populations

• Hypothesis generation for further studies in the lab
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Food for Thought:  
Does this study resonate for you?
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 Study Aim
To describe experiences of being a parent of a child with 

VACTERL Association

 Method
Interviews with 10 mothers and 9 fathers

 Results/Conclusions
‘Crisis Reaction’ upon diagnosis of child
 Participation in care  Shared responsibility for

care  Adaptation to daily care once medical
support was established

Discrepancies in knowledge and experience among healthcare 
professionals
Importance of meeting other families  
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Questions?

• VACTERL research is benefactor-funded through the Department 
of Development, Mayo Clinic, Rochester, Minnesota

• On-going clinical study:  Identifying Genetic Variants in 
Nicotinamide Adenine Dinucleotide (NAD+) Synthesis 
Pathway in Patients With Congenital Malformations
https://clinicaltrials.gov/ct2/show/NCT03799705
Contact LaBrec.Heather@mayo.edu

• Follow @Loose_Lab_Rat on Twitter

https://clinicaltrials.gov/ct2/show/NCT03799705
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