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ABSTRACT

Background : Necrotizing enterocolitis (NEC) is a common gastrointestinal emergency among neonates 
which is characterized by acute intestinal inflammation and necrosis. The main risk factors 
for NEC are prematurity, low birth weight, and some preexisting health conditions such 
as congenital heart defects (CHDs). Investigation of the potential genetic predisposition to 
NEC is a promising approach that might provide new insights into its pathogenesis. One 
of the most important proteins that play a significant role in the pathogenesis of NEC is 
Toll‑like receptor 4 (TLR4) which recognizes lipopolysaccharide found in Gram‑negative 
bacteria. In intestinal epithelial cells, a protein encoded by the SIGIRR gene is a major 
inhibitor of TLR4 signaling. A few SIGIRR variants, including rare p.Y168X and p.S80Y, 
have already been identified in preterm infants with NEC, but their pathogenic significance 
remains unclear. This study aimed to investigate the spectrum of SIGIRR genetic variants 
in term newborns with CHD and to assess their potential association with NEC.

Methods and 
Results

: A total of 93 term newborns with critical CHD were enrolled in this study, 33 of them 
developed NEC. SIGIRR genetic variants were determined by Sanger sequencing of all 
exons. In total, eight SIGIRR genetic variants were identified, two of which were found 
only in newborns with NEC (P = 0.12). The rare missense p.S80Y (rs117739035) variant in 
exon 4 was found in two infants with NEC stage IIA. Two infants with NEC stage III and 
stage IB carried a novel duplication c. 102_121dup (rs552367848) variant in exon 10 that has 
not been previously associated with any clinical phenotype.

Conclusions : The presence of both variants only in neonates who developed NEC, together with earlier 
published data, may suggest their potential contribution to the risk of developing NEC in term 
infants with CHD and allow planning larger cohort studies to clarify their relevance.

Keywords : c. 102_121dup variant, congenital heart disease, necrotizing enterocolitis, p.S80Y variant, 
SIGIRR
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INTRODUCTION

Necrotizing enterocolitis  (NEC) is the most common 
pathology of the gastrointestinal tract in the neonatal 
period, characterized by acute intestinal inflammation 
and necrosis. Despite intensive study of NEC pathogenesis 
and various treatment approaches to NEC, the morbidity, 
survival, and mortality rates have not globally changed 
over the past decades.[1] The incidence rate of NEC in 
preterm and very low birth weight newborns is up to 
13%[2] and the mortality rate is up to 50%.[3] Full‑term 
neonates, however, rarely develop NEC, with an incidence 
of 10%–12% among all newborns with NEC.[4,5]

NEC is a multifactorial disease with an unclear 
pathogenesis. The main risk factors for the development 
of NEC are prematurity, low birth weight, formula 
feeding, abnormal bacterial colonization of the gut, 
and intestinal ischemia/hypoxia.[1,6,7] The likelihood of 
developing NEC is inversely proportional to gestational 
age, with preterm infants at far greater risk than 
full‑term neonates.[8,9] Among full‑term infants, one of 
the major predisposing factors for NEC is congenital 
heart disease (CHD), in particular, critical CHDs, which 
require early surgical intervention.[10‑13] Besides, CHD 
is characterized by bowel hypoperfusion and ischemia 
and is associated with systemic inflammation in the 
perioperative period that may trigger the development 
of NEC.[14‑18]

One of the key components of innate immunity that 
contribute to the development of NEC is Toll‑like 
receptor 4 (TLR4), a pathogen recognition molecule, that 
recognizes lipopolysaccharide  (LPS) in Gram‑negative 
bacteria and induces a pro‑inflammatory response.[19‑21] 
It is believed that TLR4 signaling is activated not only 
in response to microbial invasion but also during 
nonmicrobial processes such as ischemia.[22] The 
latter was hypothesized to play a crucial role in the 
pathogenesis of NEC in term newborns with CHD.[15] It 
was shown in vivo that induction of experimental NEC 
in mice by the combination of formula feeding, hypoxia, 
and LPS administration significantly elevated the level of 
TLR4 expression in the intestinal epithelium of mice.[23‑25] 
Moreover, Sodhi et al. demonstrated that TLR4‑deficient 
mice were protected from NEC.[23]

Several studies highlight the role of genetics in the 
pathogenesis of NEC.[26‑29] One of the potential gene 
candidates that may contribute to NEC susceptibility 
is a single‑immunoglobulin interleukin  (IL)‑1‑related 
receptor  (SIGIRR, NC_000011.10, Gene ID: 59307), a 
negative regulator of the intestinal TLR4 signaling. Mice 
deficient in SIGIRR demonstrate unregulated activation 
of the intestinal TLR4, followed by elevated intestinal 
inflammation and enhanced enterocyte apoptosis.[30] 
Sampath et al. identified a few SIGIRR variants, including 

stop mutation p.Y168X, rare missense variants p.S80Y, 
p.P115R, and splice region variant  (rs201897529), 
in preterm infants with NEC, that may affect the 
TLR4‑mediated inflammation.[31]

Most up‑to‑date research focused on genetic 
predisposition to NEC in preterm infants. In this study, 
we assessed the contribution of the SIGIRR variants to a 
genetic background underlying NEC in term infants with 
critical CHD and revealed eight genetic variants including 
a novel duplication c.102_121dup  (rs552367848) 
variant in exon 10 at the 3′ untranslated region (UTR).

MATERIALS AND METHODS

Patients

A total of 93 term newborns with critical CHD and 
a birth weight of  >2500  g and/or a gestational 
age >37 weeks were enrolled in this study. The diagnosis 
of NEC was based on both clinical signs and abnormal 
abdominal ultrasound and radiographs; the severity 
of NEC was classified according to the modified Bell 
staging criteria.[32] The spectrum of congenital heart 
defects included: hypoplastic left heart syndrome, 
double‑inlet left ventricle, unbalanced  (RV dominant) 
atrioventricular septal defect, tricuspid atresia, 
double‑outlet right  (single) ventricle, transposition 
of great arteries, coarctation of the aorta, pulmonary 
atresia/stenosis, aortic valve stenosis, tetralogy of Fallot, 
double‑outlet right ventricle, interrupted aortic arch, 
and Ebstein’s anomaly.

The exclusion criterion was refusal to participate in the 
study for any personal reason. This research was approved 
by the local institutional ethics committee  (protocol 
no. 1702‑21, February 15, 2021) and complied with the 
Helsinki Declaration. Informed consent was obtained 
from parents or legal representatives of all participating 
neonates.

DNA extraction

Genomic DNA was extracted from peripheral blood 
samples using FlexiGene DNA Kit  (Qiagen, Hilden, 
Germany) following the manufacturer’s instructions. 
The quality and quantity of extracted DNA were assessed 
using NanoDrop 1000 Spectrophotometer  (Thermo 
Fisher Scientific, Waltham, MA, USA). The DNA was stored 
at −20°C until use.

SIGIRR gene amplification and sequencing

Primers were designed to amplify and sequence all 
10 exons of SIGIRR gene using the Primer‑BLAST 
designing tool[33] and are listed in Supplemental Table 1. 
The polymerase chain reaction (PCR) reaction mix (40 µL) 
contained 100 ng of extracted genomic DNA, Green GoTaq 
Reaction Buffer (Promega, Madison, USA), 0.2 mM each 
dNTP, 0.4 µM each primer, and Taq polymerase (Thermo 
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Fisher Scientific, Waltham, USA). Due to high GC content 
in exons 6–8, 1 M betaine  (Sigma‑Aldrich, St. Louis, 
USA) was added to the PCR reaction mix to improve the 
amplification of these exons. The thermal profile of the 
PCR included an initial denaturation for 5 min at 95°C, 
followed by 40 cycles of denaturation for 30 s at 95°C, 
annealing for 30 s at 59°C, and elongation for 1 min at 
72°C followed by the final extension at 72°C for 5 min. All 
amplification steps were performed in a Veriti Thermal 
Cycler (Applied Biosystems, Waltham, USA).

The sequencing reactions were performed using 
BigDye Terminator v3.1 Cycle Sequencing Kit (Applied 
Biosystems, Waltham, USA) and analyzed on a 3500 
Genetic Analyzer (Applied Biosystems, Waltham, USA). 
The obtained sequences were analyzed using SnapGene 
software version 3.2.1 (GSL Biotech LLC, Chicago, IL, USA) 
with the alignment to NC_000011.10: C417455‑405716 
as a reference sequence.

The clinical significance of all identified SIGIRR genetic 
variants was evaluated according to guidelines of the 
American College of Medical Genetics and Genomics[34] 
and information available from public databases.

Statistical analysis

Categorical variables are expressed as numbers and 
percentages, and continuous variables as medians 
and interquartile ranges. For categorical variables, 
the two‑tailed Fisher’s exact test and Kruskal–Wallis 
analysis of variance test were used to assess differences 
between NEC newborns and newborns without NEC. 
For continuous variables, differences between groups 
were detected using the Mann–Whitney U‑test. All 
statistical analyses were performed using Statistica 
10.0  (StatSoft, USA), and P  <  0.05 was considered 
statistically significant.

RESULTS

Patient characteristics

Out of all enrolled newborns, 65  (70%) infants had a 
two‑ventricle CHD, 26  (28%) a single‑ventricle CHD, 
and 2  (2%) an anomalous left coronary artery from 
the pulmonary artery  [Table  1]. The most prevalent 
diagnoses were transposition of the great arteries (22/93; 
24%), coarctation of the aorta (20/93; 22%), pulmonary 
atresia/stenosis  (11/93; 12%), and hypoplastic left 
heart syndrome (10/93; 11%). The median birth weight 
and gestational age were 3300 g  (interquartile range: 
3010–3660) and 39 weeks (interquartile range: 38–40), 
respectively.

In total, 33 infants were diagnosed with NEC: 26 of them 
developed NEC after cardiac surgery (1 infant had NEC 
stage III, 2 – NEC stage IIB, 22 – NEC stage IIA, and 1 – NEC 
stage IB) and 7 in the preoperative period (all had NEC 

stage IIA). The median patient age at NEC diagnosis was 
14 days (interquartile range: 7–24).

Thirteen infants, out of all enrolled infants, died in the 
first 2 months of life, including 3 with NEC. Mortality 
was associated with acute heart failure, whereas one 
infant’s death was predominantly associated with NEC 
stage III that required abdominal surgery. The majority 
of deaths were among neonates with hypoplastic left 
heart syndrome who underwent the Norwood procedure.

The most prevalent CHD diagnoses in newborns with NEC 
were both transposition of the great arteries (6/33; 18%) 
and pulmonary atresia/stenosis (6/33; 18%), followed by 
coarctation of the aorta (5/33, 15%) and double‑inlet left 
ventricle (4/33, 12%) [Table 1]. Besides, both infants with 
an anomalous left coronary artery from the pulmonary 
artery and all two with unbalanced  (RV dominant) 
atrioventricular septal defect combined with pulmonary 
atresia/stenosis developed NEC stage IIA. However, there 
were no differences in gender, birth weight, gestational 
age, route of delivery, place of residence, or Apgar score 
between newborns with or without NEC [Table 2]. 

SIGIRR genetic variants

Identification of SIGIRR genetic variants in all 10 exons 
was performed for 60  patients with CHD; of those, 
21 were diagnosed with NEC. Rare variants in SIGIRR 
were detected in 4 patients, and all of them belonged 
to NEC group. A rare missense p.S80Y (rs117739035) 
variant in exon 4 [displayed in Figure 1a] was detected 
in 2 out of 60 neonates, and both developed NEC 
stage IIA. Infants harboring the p.S80Y variant were 
diagnosed with coarctation of the aorta and anomalous 
left coronary artery from the pulmonary artery and 
underwent the modified Amato technique[35] and 
reimplantation of the LCA in the aortic root with 
PA reconstruction, respectively. One infant with 
coarctation of the aorta who underwent the modified 
Amato technique and developed NEC stage IB, and 
one infant with transposition of the great arteries who 
underwent the mBTS placement (in LVOT obstruction) 
and developed NEC stage III with a fatal outcome, 
carried a duplication c.102_121dup  (NM_021805.3; 
rs552367848) variant in exon 10 at the 3′ UTR [displayed 
in Figure  1b]  –  a variant not previously associated 
with clinical phenotype. None of the newborns had 
the rare pathogenic p.Y168X (rs766709278), the likely 
benign p.P115R  (rs111819059), or the splice region 
variant (rs201897529) previously reported in preterm 
infants with NEC.[31]

The majority of newborns  (59/60) carried benign 
missense p.Q312R variant  (rs3210908) in exon 9, and 
simultaneously two synonymous substitutions c.945 
T > G (p.P315P; rs3087588) and с.1086 C > T (p.V362V; 
rs7947) in exons 9 and 10, respectively. Moreover, 39 
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of them were homozygous for all three variants. Two 
infants  (one with NEC) had synonymous c.768 C  >  T 
(p.P256P; rs112731199) substitution in exon 8, and one 
infant had two synonymous substitutions c.612 C > G 
(p.L204  L; rs199995236) in 6 exon and c.798 C  >  G 
(p.R266R; rs199670238) in 8 exon. None of the 60 patients 
carried nucleotide changes in exons 1, 2, 3, 5, and 7 of the 
SIGIRR gene compared to the reference genome.

Since the p.S80Y and c.102_121dup variants were 
identified only in newborns with NEC, 33 newborns with 
CHD, 11 of whom developed NEC, were additionally 
enrolled in this study to assess the contribution of 
these SIGIRR genetic variants to the development of 
NEC. However, none of the infants carried either the 
missense variant p.S80Y in exon 4 or the duplication 
c.102_121dup in exon 10. In addition, none of the 11 
newborns with NEC had the rare pathogenic p.Y168X 
variant.

DISCUSSION

In this study, we evaluated an association between SIGIRR 
genetic polymorphic variants and the development of 

NEC in full‑term newborns with critical CHD. In total, 
eight genetic variants of the SIGIRR gene were identified 
within five out of ten exons, two of which  (p.S80Y 
and c.102_121dup) were found only in infants with 
NEC  [Table  3]. However, distribution frequencies did 
not reach a statistical significance (P = 0.12), probably 
because of the insufficient number of newborns enrolled 
in the study.

The duplication c.102_121dup (rs552367848) in exon 10 
is a novel variant that has not been previously reported 
in connection to any clinical phenotype. Considering 
that the duplication is located at the 3′ UTR region of 
the SIGIRR gene, this variant may potentially play a role 
in the posttranscriptional regulation of gene expression 
by changing the binding sites for microRNAs or some 
RNA‑binding proteins, which in turn could impact 
TLR4‑mediated inflammation.[36] According to Ensembl 
release 108,[37] the duplicated sequence is predicted 
to contain CTCF‑binding site  (s) for the transcription 
factor CTCF, which can act as a transcriptional repressor, 
activator, insulator‑binding protein or enhancer‑blocking 
protein. Further functional studies are needed to 

Table 2: Characteristics of newborns with critical congenital heart defect enrolled in the study
Newborns’ characteristic (n) Diagnosis P

No NEC (n=60), n (%) NEC (n=33), n (%)
Gender

Female (41) 23 (38) 18 (55) 0.19
Male (52) 37 (62) 15 (45)

Gestational age, week (93) 39 (38–40) 39 (38–40) 0.64
Birth weight, g (93) 3330 (2975–3740) 3300 (3090–3620) 0.83
Route of delivery

Unassisted vaginal delivery (67) 41 (68) 26 (79) 0.31
Assisted vaginal delivery (5) 4 (7) 1 (4)
Cesarean section (21) 15 (25) 6 (18)

Place of residence
North Caucasian federal district (40) 28 (47) 12 (36) 0.39
Northwestern federal district (53) 32 (53) 21 (64)

Apgar score at 1 min (93) 7 (7–7) 7 (7–7) 0.39
Apgar score at 5 min (93) 8 (7–8) 8 (8–8) 0.06

NEC: Necrotizing enterocolitis

Figure 1: SIGIRR genetic variants identified only in newborns with CHD and necrotizing enterocolitis. (a) Single‑nucleotide substitution 
in exon 4 resulting in p.S80Y variant. (b) 20bp duplication in exon 10 at the 3′ untranslated region

ba
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evaluate the impact of the novel duplication variant c. 
102_121dup on the SIGIRR gene expression and protein 
synthesis.

The missense p.S80Y variant  (rs117739035) in exon 
4, found only in infants with NEC in our study, was 
previously identified in extremely low birth weight twins 
with NEC stages II and III who simultaneously carried a 
stop variant p.Y168X (rs766709278).[31] The following 
functional analyses, performed on a human embryonic 
kidney cell line by transfecting with a plasmid encoding 
both variants (p.Y168X and p.S80Y), demonstrated that 
the presence of a mutated SIGIRR leads to abolished 
protein function and subsequent NF‑κB activation 
as well as IL‑8, IL‑6, and iNOS expression, which are 
all markers of inflammation. The p.S80Y variant was 
associated with kidney function[38] and the level of 
circulated apolipoprotein A‑I, a major component of 
high‑density lipoprotein, that is known to be connected 
with cardiovascular diseases[39,40] based on GWAS, as well 
as also suggested to be a potentially causal for diabetic 
nephropathy in the Finnish population.[41] However, more 
detailed functional studies of the missense variant p.S80Y 
are needed to uncover its role.

Several studies demonstrate that newborns with hypoplastic 
left heart syndrome,[10,42‑45]  truncus arteriosus,[10] and 
atrioventricular septal defects[46] are at a higher risk of 
developing NEC compared to other CHDs. In our study 
among infants with NEC, only 3% (1/33) had hypoplastic 
left heart syndrome and 9%  (3/33) had unbalanced 
atrioventricular septal defect while the most prevalent 
diagnoses were transposition of the great arteries (6/33; 
18%) and pulmonary atresia/stenosis  (6/33; 18%), 
probably due to sample size. Moreover, the majority of 
newborns with both unbalanced atrioventricular septal 
defect and double‑inlet left ventricle and with NEC in this 
study also had pulmonary atresia/stenosis. Interestingly, 

it was previously noted that the surgical procedure 
selected to repair CHD may contribute significantly to 
the risk of developing NEC, in particular, neonates who 
underwent the Norwood procedure for hypoplastic left 
heart syndrome are at far greater risk for NEC of all CHD 
patients.[45,47] However, in the present study, the highest 
incidence of NEC occurred among newborns following 
modified Blalock–Taussig shunt placement (27%), whereas 
only in 6% of cases NEC developed after the Norwood 
operation. Furthermore, several studies noted significant 
differences in Apgar score[15] and gestational age[48] 
between NEC and no‑NEC infants with CHD, while in our 
cohort, this was not the case.

To our knowledge, this is the first study to identify 
genetic variants in all 10 exons of SIGIRR gene in term 
newborns with congenital heart defects that are at 
risk of developing NEC. The obtained results did not 
reveal a major impact of SIGIRR genetic variants in the 
development of NEC in the term infant with critical CHD. 
However, the presence of the p.S80Y and c.102_121dup 
variants only in neonates who developed NEC, including 
one with fatal NEC stage III, together with earlier 
published data, may suppose their potential contribution 
to the risk of developing NEC in infants with CHD. 
Expanding the cohort groups would be useful to clarify 
the clinical relevance of both genetic variants.

Our study has several limitations, such as insufficient 
sample size, lack of promoter region, or intronic regions 
sequencing of the SIGIRR gene, which could potentially 
affect the function of the gene. In addition, functional 
studies of the variants need to be performed to uncover 
the detailed role of the variants described.

CONCLUSIONS

Despite the absence of statistical significance (P = 0.12), 
the presence of both variants only in neonates who 

Table 3: Identified SIGIRR genetic variants in newborns with congenital heart defect
Genetic variants CHD CHD + 

NEC
gnomAD allele 

frequency
Classification 
according to ACMG

Mutation 
taster

Grantham 
score

PolyPhen‑2 P

c. 239C>A (p.S80Y)
rs117739035

‑ 2 0.0285 Benign Benign 144 Probably 
damaging: 0.999

0.12

c. 612 C>G (p.L204L)
rs199995236

1 ‑ 0.000884 Likely benign Benign NA NA 1.00

c. 768C>T (p.P256P)
rs112731199

1 1 0.0262 Benign Benign NA NA 1.00

c. 798C>G (p.R266R) 
rs199670238

1 ‑ 0.000819 Likely benign Benign NA NA 1.00

c. 935A>G (p.Q312R) 
rs3210908

38 21 0.838 Benign Benign 43 Benign: 0.000 1.00

c. 945T>G (p.P315P) 
rs3087588

38 21 0.821 Benign Benign NA NA 1.00

c. 1086C>T (p.V362V) 
rs7947

38 21 0.833 Benign Benign NA NA 1.00

c. 102_121dup*
rs552367848

‑ 2 0.00896 Benign Benign NA NA 0.12

*Mortality in one newborn predominantly associated with NEC. CHD: Congenital heart defect, NEC: Necrotizing enterocolitis, NA: Not applicable, 
ACMG: American College of Medical Genetics and Genomics
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developed NEC, together with earlier published data, 
may suggest their potential contribution to the risk of 
developing NEC in term infants with CHD and allow 
planning larger cohort studies to clarify their relevance.
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Supplemental Table 1: Designed primer nucleotide 
sequences
Name Sequence (5’–>3’) PCR 

product 
size

SIGIRR_ex1_For AGAACCACCAACTGCCCG 684
SIGIRR_ex1_Rev CACATCACATACACACAGCCC
SIGIRR_ex2_For CGTGTGAGGGGCTCAAAGAG 589
SIGIRR_ex2_Rev GTGCCCACTCCTAGCATTCC
SIGIRR_ex3_For AAGTGCTAAGCCTGTCCCCA 591
SIGIRR_ex3_Rev ACCCTAGACTTTGCTGACACC
SIGIRR_ex4‑5_For TAAGGCCCAAGAACCACCC 663
SIGIRR_ex4‑5_Rev ACCCGCCCCGGACTTTAA
SIGIRR_ex6_For CTGGGGTTAAAGTCCGGGG 590
SIGIRR_ex6_Rev CCGAAAGCACCACGATGAG
SIGIRR_ex7‑8_For GGCTACAAGCTCTTCCTGGAC 747
SIGIRR_ex7‑8_Rev GCCCATTCACAAAGCGTGG
SIGIRR_ex9_For AGCCACGGAATAGCTGTCG 526
SIGIRR_ex9_Rev CTCACCCCCTGCTGTGATG
SIGIRR_ex10_For TCGGTCTGCCTGGGAACTT 525
SIGIRR_ex10_Rev GAAGCCGAATCCGAAACCTTC

PCR: Polymerase chain reaction


