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Objectives

• Primer on the complexity of the human genome and evaluation of 

NEC as a complex disease.

• Brief overview of genetic studies in NEC using a pathogenic 

approach; key summaries on important studies.

• Limitations of studies and challenges related to investigating NEC 

as a genetic disease.

• Summary/Conclusions.
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Evolution of Human Genetics – a time line 
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Human Genome – Complex, undiscovered 
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➢ 23, 000 human genes; Genes have exons 

(protein coding) and introns.

➢ Regulatory regions (promoters, 

suppressors) surround each gene.

➢Genes - occupy only 5% of genome (1% 

protein coding).

➢ 95 % Intergenic areas un-defined. (>8% 

viral origin; 2% humans can code HERV).



Human Genome –Variation Rules 

5

4 Million DNA variants in 
each individual

3.5 Million SNV in each 
genome: Very common

10,000 variants which alter 
amino acid in proteins

CNV are common; increasing 
recognized

Novel or disease-associated 
variants rare but found



Type of Human Genetic Variants
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DNA Sequence 
Variant type

Description

Single Nucleotide 
Polymorphism (SNP)

A change in a single 
nucleotide

Nonsynonymous SNP Amino acid change

Synonymous SNP SNP no AA change

Copy Number 
variants (CNV)

DNA segments 
(>1kB) that have 
copies ≠ 2 

Stop/Read through Results in truncated 
protein

Intronic variant Usually SNV in 
intron

Relationship of frequency and size of human 
genomic variants



Approaches to Querying Genetic Variation 
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Candidate Gene/Pathway 
approach

Genome-wide approach

Query a single gene or related genes Query the entire Genome

Genotyping (Snip’ping) or Sanger 
Sequencing

Sequencing (Exome or Whole 
Genome) or GWAS

Hypothesis Testing – A priori Hypothesis generating – novel loci

Limited number of variants Millions of variants

Small sample size (n>100s) Large Sample Size (n>1000’s)

Simple statistics/p=0.05/Corrected Collapsing methods/p<10-8

Inexpensive Expensive



NEC vs. Surfactant metabolism diseases 
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Surfactant gene mutations 
Monogenic disease

NEC (Complex disease)

No environmental component Gut maturity, Feeding, Oxidative stress

Defined Phenotype (Severe) Phenotypic Heterogeneity

Defined genes: SFTPB, SFTPC, 
ABCAC3, others

Polygenic (Oligogenic)

High penetrance and expressivity 
(High Odds ratios)

Penetrance and expressivity varies.
(Low Odds ratio)

High negative selection (rare 
variants and disease)

Negative selection pressure less.
(More common disease; rare variants)

Easy to find causal genes Hard work, very expensive



Genetic Dissection of NEC pathogenic pathways
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NEC Genetic basis - Preliminary evidence
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➢ Among 450 twin pairs, after controlling for covariates in regression 

models genetic and shared environmental factors accounted for 52% 

of variation in liability to NEC (p<0.001; 95% CI: 33.2 – 70.6%).

➢ Could not demonstrate differences among Mono and Dizygotic 

twins but inadequate power.



NEC Genetic basis - Evidence form NEC tissue
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Laser capture epithelial microdissection for IEC; qRT-PCR

The mechanism of excessive 

intestinal inflammation in necrotizing 

enterocolitis: an immature innate 

immune response. Nanthakumar N1 et al. PLoS

One. 2011 Mar 21;6(3):e17776.

➢ Non-Hispanic blacks have a 2-3 fold higher rate of NEC. 

▪ Holman et al. NEC mortality in USA, Am J Public Health. 1989 Aug;79(8):987-9.

▪ Llanos et al. Paediatr Perinat Epidemiol. 2002 Oct;16(4):342-9.

▪ Sampath et al. (JPGN 2016, J Peds surgery 2011)

https://www.ncbi.nlm.nih.gov/pubmed/?term=Nanthakumar N[Author]&cauthor=true&cauthor_uid=21445298
https://www.ncbi.nlm.nih.gov/pubmed/21445298
https://www.ncbi.nlm.nih.gov/pubmed/2751037
https://www.ncbi.nlm.nih.gov/pubmed/12445151


Innate Immune system (TLRs) in NEC 
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MyD88

NF-κB IκB

IRAK1

TRAF6

IKKs
A20 TLR9

NOD2

IL-1B, TNFα, IL-8, 

apoptosis, neutrophil influx

TLR signaling in Gut

• Maintenance balance between 
bacterial tolerance vs. intolerance. 

• Specific postnatal TLR pathway 
adaptation (IRAK1, IkB) in gut. 

• TLR9/NOD2/SIGIRR may inhibit 
TLR4 pro-inflammatory signaling.

• Activation of TLR signaling 
essential for experimental NEC.

• Evidence of dysregulated TLR 
signaling in human NEC.



Genetic variants in Innate Immune genes
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❖ Szebeni et al. (JPGN 2006). Case-Control study in preterm 

infants; Samples size: 41 cases with NEC and 77 infants 

without NEC.

❖ Variants – TLR4 (Two missense loss of function SNPs), NOD2 

(3 loss of function SNPs) and CD14 (Promoter SNP, less 

expression).

❖ No association between SNPs and NEC. Small study

❖ Zhou et al. (Mol Med Rep 2015). Case-Control study in 

preterm infants. Samples size: 42 cases with NEC and 83 

infants without NEC.

❖ Variants: MD2 (TLR4 adapter, Promoter SNP, functionality 

unclear), GM2A (Ganglioside activator, two missense SNPs, 

functionality ?). 

❖ No association between SNPs and NEC. Presence of the MD2 

variant associated with severe NEC (p=0.04). Small numbers 

of severe NEC.



TLR pathway functional SNPs and NEC 
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❖ Sampath et al. (J Surg Res 2011). Prospective study  in VLBW infants. 

❖ Samples size: 15 cases with NEC and 255 infants without NEC.

❖ TLR pathway: Known functional variants in TLR4 (2 Missense SNPs), 

TLR4 (Missense SNP), TLR5 (Stop mutation), TLR9, NFKBIA (NF-kB 

inhibitor promoter variant), NFKB (indel/del loss of function). 

❖ NFKBIA variant protects against NEC (p<0.01). NFKB variant was 

associated with increased NEC (p<0.01). NFKB variant prevalent in 

infants without NEC (required, not sufficient for NEC). Small number 

of cases. No effort at replication.



SIGIRR variants in NEC
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❖ Sampath et al. (Pediatrics 2015). Exome sequencing followed targeted gene 

sequencing all exons.  SIGIRR is an inhibitor of TLR4 signaling.

❖ Samples size: 18 VLBW infants with Stage II NEC and 20 infants without 

NEC. Comparison between prevalence of functional SIGIRR variants 

between NEC cases and adult population (p<0.01).  



SIGIRR variants in NEC (Sampath et al.)
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❖ Novel Approach: Hypothesis generating Exome sequencing. Followed by 

SIGIRR sequencing in cases and controls. Comparisons with adults 

population prevalence ? Functional studies of variants. 

❖ Drawbacks include Small sample size, Not powered, not yet replicated in 

larger more definitive studies.



Nucleotide binding Oligomerization domain  

(NOD) containing receptors (NLRs)
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Intestinal lumen

NOD2 NOD1

NF-κB

Intestinal
mucosa

Cytokines

ATG16L1

Autophagy

Bacterial clearance

Bacterial ligands, ATP 

NLRP3

IL-1β

TLR4

NF-κB

NLRs are intracellular sensors of pathogens. Key role in gut homeostasis.

NOD2 mutations implicated in Inflammatory Bowel disease (Crohn’s). 



NOD2 variants and NEC in preterm infants
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❖ Hartel et al. (Inflam Bowel Dis 2016). Prospective study in preterm infants. 

❖ Samples size: 9000 total infants; 158 infants requiring surgery: Focal 

Intestinal Perforation requiring surgery (n=125).

❖ NOD2 (R702W G908R & Leu1007fsinsC) loss of function variants.

NOD2 variants NEC surgery 

n=158

FIP surgery 

N=125

NEC or FIP

N=262

Leu1007finsC p=0.27 p=0.18 p=0.046

R702W p=0.75 p=0.68 p=0.60

G908R p=0.78 p=0.02 p=0.03

0 vs. 1 vs. 2 NOD2 variant p=0.04 p=0.09 p=0.002



Hartel et al. NOD2 variants and NEC
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❖ Interestingly, NOD2 protects against TLR4-mediated experimental NEC in 

mice (Richarson WM, Gastroenterology. 2010 Sep;139(3):904-17). 

❖ Single largest study of NEC genetics. Entirely European ancestry. NOD2 

variants are a potential marker for NEC susceptibility. (sequencing ?? – more 

variants). ?? African-American ? Replication ? combining Phenotypes.

Risk factors (regression)         NEC requiring surgery            FIP requiring surgery



NOD2 and Autophagy variants and NEC
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❖ Sampath et al. (Peds Research 2017). Prospective study in preterm infants. 

❖ Samples size: 1015 VLBW primary cohort (86 NEC); Replication 

cohort 259 (NEC-26 infants)

❖ NOD1, NOD2, ATG16L1, CARD8, and NLRP3 functional variants 

examined. Variants not associated with increased NEC.

❖ ATG16L1 variant associated with decreased NEC. ATG16L1 needed 

for initiation of autophagy.  ATG16L1 (T300A) variant results in loss of 

function and strongly associated with Crohn’s disease (GWAS).



Sampath et al. ATG16L1 SNP protects against NEC
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❖ Large study,  Discovery and validation cohort,  ATG16L1 variant may 

be protective against NEC. (Other autophagy genes). ?? African-

American ?. Autophagy contributes to NEC in animal models.

❖ Zouali et al. (Dig Dis Sci 2005). Sequenced 10 infants with NEC. Did not 

find any novel mutations or 3 (R702W, G908R, and 1007fs) variants. 

Claimed NOD2 not a loci for NEC vulnerability ??



Immune genetic variants – Mannose Binding Lectins
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❖ Mannose Binding Lectins (MBL) part of the 

complement system engaged in pathogen 

opsonization and phagocytic clearance.

❖ Low MBL levels associated with neonatal sepsis and 

NEC (Schlapback et al. Peds Res 2008, Gadjeva et al. Curr Opin Immun 2001).

❖ Prencipe et al. (JPGN 2012). Case-control study 41 NEC and 66 controls. 

▪ Promoter SNP (-221Y/X) was associated with increased NEC. 

▪ Wild type Y allele associated with increased NEC also had increased 

levels of MBL on admission. High MBL genotype – More NEC. 

❖ No replication, small cohort; Functional relevance and correlation.



Pro-inflammatory cytokine gene variants

❖ NEC - Increased levels of systemic and intestinal cytokines (Maheswari et al. 

Peds Res 2014, Semin Perinatal 2017). Marker of severity, progression.

▪ Downstream of injury, bacterial invasion, Immune activation. 

▪ Cytokine signaling contribute to increasing (IL-1B) or suppressing 

inflammation/cell death (IL-10).  

❖ Treszl et al. (Acta Pediatr 2001) 46 NEC cases/90 controls.

▪ TNF-alpha (2 promoter variants, decreased and increased expression). 

▪ No association with increased or decreased NEC.

▪ Small study, No replication, Functionality.
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Pro-inflammatory cytokine gene variants

❖ Treszl et al. (J Ped Surg 2003) 46 NEC cases/90 controls.

▪ IL-1B (Missense, Gain of function), IL-10 (Promoter, decreased expression),     

IL-1R⍺ (Intronic, ?Gain of function), and IL-6 (Promoter, less expression).

▪ IL-1R⍺ SNP less frequent in NEC (p<0.05). Speculation: Less IL-1R⍺

promotes Th2 skewness, protects against NEC. Other SNPs-no association. 

▪ Small study, No replication, Functionality.

❖ Henderson et al. (Arch Dis Child Fet Neonatal Ed 2009) 50 cases & 50 controls.

▪ Genotyped 10 SNPs in IL-1B, IL-10, IL-1R⍺, IL-18,  and IL-6 genes. 

▪ No association with NEC. Meta-analysis combining previous studies; no 

association between SNPs and NEC outcomes. 
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Pro-inflammatory cytokine gene variants

❖ Franklin et al. (Sci Rep 2015) 66 NEC/118 controls: Race mixed. 

▪ TGFB1- Immunomodulatory, anti-inflammatory, regenerative response. TGFB1 

SNP (Promoter, unknown functionality), TRIM21- Homology to IgG, function in 

intracellular antibody-mediated response, TRIM21 SNP (Promoter, unknown 

functionality) IL-6 (Promoter, increased expression), Other cytokine SNPs. 

TGFB1 associated with decreased NEC perforation but more mortality.

▪ IL-6 associated with increased mortality in Caucasians (n=60).

▪ TRIM21 SNP associated with NEC-related perforation. TGFB1SNP associated 

with increased mortality but less NEC-related perforation.

▪ No correction for multiple comparisons & multiple outcomes. Racial 

admixture. Some functional SNPs, new targets. 
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Genetics therapy on the couch ?



Platelet Activating Factor gene variants in NEC
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Necrotizing enterocolitis: Pathophysiology, platelet-

activating factor, and probiotics. Semin of Pediatric 

Surgery 2013. Brandy L.FrostMDMichael S.CaplanMD

❖ Infants with NEC have increased 

levels of PAF in sera. (Caplan et al 

J Pediatr 1990).

❖ Administration of PAF induces 

NEC in mice (Caplan et al. 

Gastroenterology 1990).

❖ PAF acetyl hydrolase levels are low 

in premature infants. PAF-acetyl 

hydrolase decreased experimental 

NEC.  (Caplan MS, JPGN and Peds

Research 1997)

http://www.sciencedirect.com/science/article/pii/S1055858613000061#!


Pro-inflammatory cytokine gene variants

❖ Sankararaman et al. (Springerplus 2013) 36 NEC (Stage I or II), 534 controls. 

▪ Two PAFAH SNPs (Missense loss of function) genotyped.

▪ No association between NEC and PAFAH SNPs. 

▪ Less severe disease, Convenience cohort.

❖ Zhou et et al. (Mol Med Rep 2015) 42 NEC, 83 controls (Chinese population). 

▪ Genotyped GM2A activator protein SNPs. GM2A is PAF antagonist. Two 

missense GM2A SNPs genotyped. (Functionality unclear). 

▪ Both variants associated with NEC. 

▪ Small study, no replication. Functionality unclear. 
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Antioxidants gene polymorphisms in NEC 

❖ Oxidative damage and free radical injury implicated in NEC.

▪ NEC in term infants seen a form of ischemia/reperfusion injury. 

▪ TANEC - Ischemia/Reperfusion and ROS implicated. 

▪ NOX2 and HMOX1 regulate experimental NEC vulnerability in mice (Welak

et al.  Plos One 2014, Schulz et al. Am J Phys Gastro and Liver Physiol).

❖ Sampath et al. (JPGN 2015). Prospective cohort study 52 NEC, 585 controls. 

▪ NRF2 (Antioxidant response regulator) and downstream genes - HMOX1, 

SOD2, GCLC, GSTP1, NQ01 SNPS genotyped.  All loss of function. 

▪ No associations between NEC and SNPs. 

▪ Genetic admixture. Some SNPs MAF low. Functionality. Study powered study. 

29



Arginine-Nitric Oxide SNPs in NEC
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❖ Arginine is an essential amino acid in preterm infants. 

Synthesized through Urea cycle and is essential for nitric 

oxide production. CPS is rate-limiting step of Urea cycle.

❖ Moonen et al (Pediats Res 2007) 17 NEC, 34 preterm & 25 term controls. 

▪ CPS SNP (Missense, Decreased function) genotyped. 

▪ Higher NEC rate with more C allele (p=0.049). 

▪ Very small study. No replication. 

Arginine

Nitric Oxide

eNOS

Vasodilator

Gut perfusion
Epithelial

Integrity

Diet, Urea Cycle

Genetic  variants

▪ Zamora et al. (J Pediatr 1997) Arginine is decreased in 

premature infants who develop NEC. 

▪ Amin HJ et al. (J Pediatr 2002). RCT of 152 infants with 

GA<32 weeks – Less NEC (p<0.001) with treatment.

CPS



Vascular Endothelial Growth factor in NEC 

▪ Intestinal VEGF is decreased in human NEC. 

▪ Experimental NEC is associated with decreased 

VEGF (Yan X et al. 2016).  VEGF supplementation 

protects against NEC (Karatepe et al. Ped Surg Int 2014).
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Sabnis et al Neonatology 2015 

❖ VEGF essential for gut microvascular development and vascular restoration 

after ischaemia (Crafts et al Cytokine 2015, Yan X et al Am J Gastro Liver Physiol 2016).

❖ Banyasz et al (Eur Cytokine Networks 2006) 49 NEC, 249 controls. 

▪ VEGF SNP (Promoter, Decreased expression) genotyped. 

▪ Higher NEC rate and lower VEGF levels with SNP in neonantes. 

▪ No replication. Compared several outcomes. Functionality in vivo examined. 



Genome wide Transcriptome analysis in NEC
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Genome-wide expression profiles of necrotizing enterocolitis versus 

spontaneous intestinal perforation…....….. Chan KY1 et al. Ann Surg 2014 Dec

▪ Whole genome microarray analysis of  15 NEC, 12 SIP,  and 14 controls. 

Pathways - Angiogenesis, arginine metabolism, cell adhesion and chemotaxis, 

extracellular matrix remodeling, hypoxia and oxidative stress, inflammation.

▪ Pathways downstream of TLR2, TLR4, TREM;  Activated by NF-kB,  AP-1, HIF1A.

Comparative MiRNA Expressional Profiles ….............. ….....in Necrotizing 

Enterocolitis and Spontaneous Intestinal Perforation. Ng PC1 et al. PLoS One 2015, 

▪ Whole genome micro-RNAs (miRNAs) of NEC (4), SIP (4), Controls (4). 

▪ TLR4 (miR-31, miR-451, miR-203, miR-4793-3p), mediated via key 

transcription factors NFKB2 (miR-203), AP-1/FOSL1 (miR-194-3p), FOXA1 

(miR-21-3p, miR-431 and miR-1290) and HIF1A (miR-31),

https://www.ncbi.nlm.nih.gov/pubmed/?term=Chan KY[Author]&cauthor=true&cauthor_uid=24368664
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ng PC[Author]&cauthor=true&cauthor_uid=26274503


Limitations of Genetic studies

❖ Inadequate sample size - Pilot small studies without attempt at 

replication. Exceptions have been Hartel et al. (NOD2 SNPs, largest 

study, no replication), Sampath et al. (ATG16L1 SNP, large study, smaller 

replication), Treszl/Henderson et al, (small studies, small replication).

❖ Lack of functional correlation. Many studies examined SNPs which may 

not alter function/expression of gene product. ? Significance limited.     

In vivo in NEC samples,  in vitro testing in relevant systems or animal 

models unavailable (data for TLR4, NOD2, SIGIRR, PAF available).
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Phenotypic and Genetic Heterogeneity
Phenotypic heterogeneity Is NEC one disease ? (Gordon et al. Semin Perinatol) 

▪ Classic NEC, NEC in term babies with heart disease, TANEC, Cow’s 

milk protein allergy-related NEC. Focal Intestinal perforation.

▪ Phenotype definition critical: avoid Stage I, ? Include only stage III. 
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Genetic Heterogeneity in NEC:

▪ How many loci ? 

▪ Effect size of each loci ?

▪ Relationship with clinical risk 

factors



Summary

➢ Majority of genetic studies in NEC have been inadequately 

powered pilot studies that have not considered the role of 

rare/functional variants or complexity or a multi-factorial disease

➢ Loss of function NOD2 variants, especially in a homozygous or 

compound heterozygote state are a risk factor for NEC.

➢ The ATG16L1 (T300A) variant may protect against NEC.

➢ SIGIRR is a potential candidate for further exploration.
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NEC genetic predisposition a Myth or Truth

Genetic risk factors can cause NEC when 

clinical risk factors present;  Clinical risk-factor 

cause NEC in the presence of susceptibility loci. 
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➢ NEC genetics or genomics has been explored 

in a limited manner; Work needs to be done.

➢ Large studies with a emphasis on rare variants 

employing genome-wide sequencing based 

strategies are urgently required.



Thank you !
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NEC - A complex disease
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Intestinal epithelial cell 



Human Genome –Variation Rules 

39

Relationship of frequency and size of human 
genomic variants



Type of Human Genetic Variants
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DNA Sequence 
Variant type

Description Functional 
change

Frequency

Single Nucleotide 
Polymorphism (SNP)

A change in a single 
nucleotide

Mostly
benign

Very
Common

Nonsynonymous
SNP

Amino acid change Benign -
functional

Common

Synonymous SNP SNP no AA change Benign Common

Copy Number 
variants

DNA segments that have 
copies ≠ 2

Benign -
functional

Common

Stop/Read through Results in truncated protein Functional Rare

Intronic variant Usually SNV in intron Benign Very common



Issues with Genetic analysis

• Phenotypic heterogeneity

• Inadequat samples size/ power/funtional data

• Population admixture

• Complex disease/

• Allelic heterogeneity
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Objectives

Phenotypic Heterogeneity
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IkB expression in gut is developmentally regulated_ PNAS Erika Claud

❖ VEGF essential for gut microvascular development and vascular restoration 

after ischaemia (Crafts et al Cytokine 2015, Yan X et al Am J Gastro Liver Physiol 2016).



Speculative hypothesis

Host -TLRs - Bacteria 

Sepsis - Anergic “TLR” phenotype

➢ Genetic defects in TLR signaling 

pathway genome. 

➢ Decreased pathogen recognition 

and innate immunity.

NEC - Dysregulated “TLR” 

phenotype

➢ Genetic defects in inhibition of    

TLR pathway signaling. 

➢ Exaggerated Innate immune 

responses to intestinal bacteria. 



Objectives

• Concepts surrounding genetic basis of complex human diseases.

• Overview of genetic studies in NEC using a pathogenic approach.

• Summary of key findings of most important NEC genetic studies.

• Limitations of studies and challenges related to investigating NEC.

• Going forward - Genetics, Transcriptomics and Functional 

genomics, and Integrated approaches. 

45



46

Arginine

Nitric Oxide

eNOS

Vasodilator

Gut perfusion

Epithelial

Integrity

Diet, Urea Cycle

Gene    
variants



Pro-inflammatory cytokine
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