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Abstract: The exact cause of complete endocardial cushion defect (ECD) is still unknown. This report describes a
unique pair of monozygotic twins (MZ twins) discordant for ECD. The chromosome karyotyping analysis revealed nor-
mal karyotype of 46, XY, 16gh+ and mat in both MZ twins. A genome-wide analysis of DNA using the Affymetrix SNP
6.0 revealed identical genotyping of single nucleotide polymorphisms (SNPs) and copy number variations (CNVs).
An extensive methylation assay was carried out by NimbleGen 3 x 720 K CpG Island Plus RefSeq Promoter Arrays
to analyze the potential epigenetic differences. The DNA methylation profiles of the affected twin seemed increased
compared with that of the unaffected twin. However, further validation of Notch1 promoter hypermethylation and
six top-ranked differentially methylated CpG sites by sodium bisulfate modification and methylation-specific PCR,
failed to reveal consistent methylation differences between the twins. Other relevant factors, such as heritability
and penetrance of the condition that place the MZ twins near to a threshold for ECD or variations in local epigenetic
events in the twins’ heart tissues, are probably responsible for the phenotypic discordance.

Keywords: Monozygotic twins, discordant phenotype, complete endocardial cushion defects, DNA polymorphism,

epigenetic difference

Introduction

Complete endocardial cushion defect (ECD) is a
serious congenital heart defect (CHD) that can
cause stillbirth or neonatal death with a preva-
lence of 0.83/10,000 live birth [1, 2]. Though
complete ECD can be treated surgically, 14.4%
of ECD patients still fail to survive even after
the second operation [3, 4]. Identification of
genetic and epigenetic changes, the related
environmental risk factors for the pathogenesis
of CHDs, and subsequent efforts in developing
new preventive and therapeutic approaches for
birth defect are important research priorities.

Some mutations in gene or chromosomal
regions that involve primarily in cardiovascular

system constitute potential risk factors for CHD
[B, 6]. Notch activity is crucial in heart with com-
plex architecture, and Notchl signaling is
required for the proliferation and differentiation
of trabecular myocardium, but the molecular
mechanisms and cellular processes in the
developing cardiovascular system remain only
partially understood [7, 8]. A polymorphism in
the VEGF-gene causing reduced VEGF-expre-
ssion can increase the risk of developing con-
genital heart malformations [9]. Cytogenetic
techniques have identified chromosomal abnor-
malities in 16.8% karyotyped CHD cases, and
submicroscopic chromosomal variants contrib-
ute to the genetic basis of ECD [10-13]. But
genomic imbalances contain many genes, and
identifying loci and relevant information cannot
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Figure 1. Imaging characteristics of color doppler echocardiography, which revealed the complete endocardial cush-
ion defect (A), transposition of great artery (B) and blood flow (C) of the twin.

be verified with certainty in clinical heart
defects till set up a reliable animal model [10,
14-16]. Epigenetics, such as histone modifica-
tions and DNA methylation, is increasingly
associated with the pathology of many disor-
ders, so it has become the most widely investi-
gated causative factor of somatically heritable
changes of gene expression without a change
in the primary DNA sequence [17]. Maternal
age, stresses, smoking, alcohol use, gestation-
al diabetes, fever, influenza and drugs may per-
turb the biological processes of cardiac devel-
opment through various signaling pathways in a
temporal and spatial specific manner, although
the molecular mechanisms underlying the
associations are unclear [18, 19].

Human karyotyping can detect both numerical
and structural chromosomal aberrations with
resolution of 5 to 15 Mega bases (Mb). High-
resolution melting (HRM) in conjunction with a
sequencing method can greatly benefit precise
mutation screening, single Nucleotide Poly-
morphisms (SNPs) detection and genotyping of
all possible base combinations at one position
of clinical samples for many genetic disorders
[20]. Methylation-sensitive  HRM (MS-HRM)
analysis can distinguish methylated samples by
comparing two samples with the HRM profiles,
then heterogeneous methylation can be inves-
tigated by sequencing-based methodologies
[a71.

In-depth monozygotic twin studies have been
proved to be extremely valuable for crucial
genetic-phenotype relationship and epidemio-
logical information of complex diseases in
human since monozygotic (MZ) twins share an
identical genotype. Putative mechanisms for
minor degrees of inconsistent phenotypes in
MZ twins range asymmetry of the inner cell
masses, post-zygotic gene mutation, epigene-
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tic changes, the influence of the local placenta,
laterality defects and complex gene-environ-
ment interactions [21-23]. SNP and copy num-
ber variations (CNVs), epigenetic analyses of
identical twins can help us explore the geneti-
cal mechanisms of discordant lesions [24].
Here, we report a unique pair of MZ twins dis-
cordant for complete ECD with the results of
cytogenetic analyses, as well as the DNA and
epigenetic comparisons to better understand
the specific pathogenesis.

Case presentation
Subjects, karyotype and zygosity tests

A detailed ultrasound scan and fetal echocar-
diography found that one of the fetuses in a
twin pregnancy had complete ECD (Figure 1)
while the other was developing normally. The
24-year-old pregnant woman came to our
Prenatal Diagnostic and Counseling Clinic at 25
weeks of gestation, gravida 1 para O. The par-
ents of the twins were at the same age but not
consanguineous. During early pregnancy, the
mother-to-be had some cold medicine for two
days, with no other risk factors. The pregnant
woman had a family history of twins, with 4
pairs of twins from her grandfather.

With a signed informed consent from the
patients and the approval from the ethics
review board of Southwest Hospital (NO:
KY-2021055), this research was performed in
line with the Ethical Principles for Biomedical
Research Involving Human Subjects (Ministry
of Health of the People’s Republic of China) and
with the Declaration of Helsinki principles.
Following parental written consent for etiologic
research and publication of the case, the cord
blood was sampled at 29 weeks of gestation by
diagnostic cordocentesis with transabdominal
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Figure 2. DNA CNV analyses roughly revealed no differences among C1, C2, F1 and M2. C1-the ECD twin; C2-the
normal twin; F1-the father; M2-the mother. CNV: Copy Number Variation; ECD: Endocardial Cushion Defect.

ultrasonic guidance. Karyotyping was per-
formed for the twins and the parents by GTG
banding at a resolution of approximately 400
bands. The karyotypes of the twins were both
46, XY, 16gh+, with the mother 46, XX, 16gh+
and the father 46, XY, without an early postzy-
gotic mitotic error such as chromosomal rear-
rangements, inversion or translocation, et al.
Genomic DNA samples were extracted from
cord blood, and parental peripheral blood sam-
ples were acquired using the DNeasy Blood Kit
(Qiagen).

SNP and methylation analyses

To compare the genetic differences between
the twins, the blood samples of the parents
and the twins were analyzed using Affymetrix
Genome-Wide Human SNP Array 6.0 platform
at CapitalBio Corporation (Beijing, China). The
raw data passed quality control were further
analyzed by using the Genotyping Console
Software (Affymetrix, Santa Clara, CA, US). To
explore the potential influence of epigenetic
factors, DNA methylation analyses were carried
out using a Roche NimbleGen Human DNA
Methylation 3 x 720 K CpG Island Plus RefSeq
Promoter Array Kit at CapitalBio Corporation
(Beijing, China). The MeDIP assay was per-
formed following the NimbleGen’s standard
protocol, and analyses of microarray data were
performed using NimbleScan 2.6 software.
Log2-ratio and region features of significant
positive enrichment in ChlP-based methylation
data were identified using a modified ACME
algorithm for peak identification [25].
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No significant genomic CNVs were found
between the twins by Affymetrix SNP 6.0 Array
(Figure 2). But 1,191 polymorphic markers
were at different sites, while 905,409 (99.86%)
SNPs were at the same sites. Except for differ-
ent sites shared by one of the parents (Figure
3), 14 different sites were chosen for validation
by HRM (LightCycler 480 System, Roche) and
sequencing, which suggested the twins share
the same genetic information (as Supplemen-
tary Material). The genomic analyses suggest-
ed that the complete ECD was not likely caused
by genome alterations since the twins cannot
be discriminated with almost same chromo-
somal markers.

Eighty-six genes were observed to be hyper-
methylated by a log2-ratio of more than 1.5 on
the array in the affected twin when compared
with those in the other twin. We selected pre-
liminary findings to test the overlaps with car-
diovascular-related annotations or datasets.
But no gene was strongly associated with
heart development among the 86 hypermethly-
ated genes, except for Notchl gene with log2-
ratio more than 1.09 plays important roles in
congenital heart diseases [7]. When the log2-
ratio on array was more than 1.55, no signifi-
cant differences arose (Figure 4). The differen-
tially methylated CpG sites on the promoter
regions of 6 top-ranked genes were chosen
to validate by sodium bisulfite modification
and methylation-specific PCR followed by DNA
sequencing (promoter region: SNRNP25|PO-
LR3K; promoter region: INOSOE|HIRIP3; pro-
moter region: PCDHAC1; promoter region:
CYB5D1|LSMD1|TMEMS8S8; promoter region:

Am J Trans| Res 2022;14(11):8271-8278
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Figure 3. The twins’ (C1, C2) DNA copy number deletion inherit from the father (F1), which means structural features

of DNA polymorphism.

SUPT16H; promoter region: SHROOM1). How-
ever, sodium bisulfite modification, methyla-
tion-specific PCR and DNA sequencing failed to
reveal significant differences in the methylation
of promoter and within the Notchl gene
between the twins (Figure 5).

Discussion

MZ twins originate from one single zygote, but
post-zygotic factors may generate genetic dif-
ferences [26]. Mutations or genetic differences
between MZ twins are certainly helpful to study
the cause of complex diseases since SNP
arrays (Affymetrix and lllumina) have shown
twins with discordant genotypes and genomi-
cally concordant [27-29]. CNVs, typically a large
insertion/deletion of a sequence length from 1
kb to 3 Mb, may alter the gene expression dos-
age of contiguous genes and result in develop-
mental disorders during cell division [18]. To
clarify possible ECD-associated alteration of
regulatory gene, we investigated genome-wide
genetic and epigenetic differences between
the discordant MZ twins. The results indicated
that not only the SNPs but also CNVs were not
detected to be different. We hypothesize that
other genetic or environmental insults may act
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stochastically. Epigenetic differences in MZ
twins have been reported previously which
involved in the developmental regulation of
gene expression and contributed to interindi-
vidual phenotypic variation and disease sus-
ceptibility [30, 31]. Methylation has been
offered as an epigenetic explanation for the
discordance of MZ twins for developmental dis-
orders that drove us to focus on interindividual
DNA methylation differences [31]. Differential
DNA methylation in the promoter regions of
Notch 1 may affect the gene-expression of tar-
get genes and contribute to the phenotypic dis-
cordance in MZ twins [32]. Notch-signaling is
involved in cardiac cushion epithelial-to-mes-
enchymal transition (EMT) that forms the car-
diac cushion, proper outflow tract and cardiac
valve development [32]. Notchl haploinsuffi-
ciency as a consequence of targeted deletion
of Notchl results in inefficiency of EMT in endo-
thelial cells, collapsed endocardium, absent
cushions and defective outflow tract [6-8].
However, few epigenetic differences between
the genetically identical twins were validated by
subsequent experiments using blood lympho-
cyte DNA, as would be expected the possibility
of minor variations in local epigenetic events
during cardiogenesis between the MZ twins.

Am J Transl Res 2022;14(11):8271-8278
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Figure 4. SignalMap software graph of differential DNA methylation in CpG islands of Notch1 gene using a Human
Meth 3 x 720 K microarray. C1-the ECD twin, C2-the normal twin. The hypermethylated region in chromosome 9 oc-
curred in C1 (the second row green strips for the Log2-ratio) when compared with C2 (the fourth row red strips). The
first yellow bars were the outline of Log2-ratio and region features of the Notch 1 gene between C1 and C2. The third
purple strips and the fifth yellow strips demonstrate the methylation peak score respectively corresponding C1 and
C2 that showed significant methylation differences. The black bars, brown lines, blue bars and the point line below
indicate CpG islands, primary transcripts, tiled regions and transcription start sites, respectively. The light blue box
highlights the differentially methylated region between the cases and the control. ECD: Endocardial Cushion Defect.

Both environmental and genetic components
or stochastic factors may account for human
CHD. Without chromosomal birth defects and
confirmed molecular genetic evidence, pheno-
typic discordance for complete ECD in the
monochorionic MZ twins usually indicates
external influences on the intrauterine environ-
ment. Maternal fever and influenza are import
factors of specific CHDs, namely right-sided
obstructive defects and atrioventricular septal
defects in infants [19]. The pregnant woman
had a cold in early pregnancy that may possibly
increase disease susceptibility to environmen-
tal insults with epigenetic processes and differ-
ential gene expression regarding phenotype
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differences [6]. But only one of the twins had
complete ECD and had not been found to
have a genetical or epigenetical basis by cur-
rent technologies. So, we speculated different
responses of endothelial cell lineage to minor
variations in the spatial and temporal expres-
sion of local signaling molecules passing
between cells during development and progres-
sion [33]. We just studied ECD and transposi-
tion of great artery (TGA) of the MZ twins by
genomic and epigenomic approaches for unrec-
ognized genomic differences and potential
environmental factors on a local tissue. The
occurrence may due to factors other than
certain genetic variations, polymorphisms and

Am J Trans| Res 2022;14(11):8271-8278
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Figure 5. DNA sequencing in one of the differentially methylated CpG sites on the promoter regions of Notch1 gene
between the twins after methylation-specific PCR. Promoter methylation of Notch1 in C1-the ECD twin was not signifi-
cantly changed than that in C2-the normal twin with the MZ twins phenotype discordance. ECD: Endocardial Cushion

Defect.

methylation in multiple genes, such as minor
“disturbances” in epigenetic events at the local
level during EMT, which can lead to quite major
differences in the endocardium [33]. Further
studies are needed to investigate whether
pathological mutations, adverse effects on
decidual and placental development, or unmea-
sured environmental factors are involved in the
birth anomaly discordant.

In conclusion, no apparent molecular lesion on
DNA polymorphisms and epigenome profiling
was successfully identified between the dis-
ease-discordant MZ twins for complete ECD
and TGA. Our ultimate goal is to discover how
genetic, environmental and stochastic factors
impact upon human ECD to facilitate future
genetic counseling, and understand the patho-
physiology and risk factors of discordant MC
twins. Though recurring CNV, SNP and DNA
methylation have no clinical relevance to the
twins’ phenotypic heterogeneity, diverse molec-
ular mechanisms, including CHD-specific germ-
line mutations, some miRNAs involved in car-
diomyocyte signaling and communication in a
variable fashion, different partial duplication or
copy loss on chromosome leading to differen-
tial disruption of gene function or amount and
hemodynamic perturbations, and not neces-
sarily identical growth environment of cord or
placenta, might contribute to the discordant
cardiac pathology in monozygotic twins [6, 34-
36]. Phenotype-based forward genetic study
will significantly advance our understanding of
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the occurrence of congenital cardiac defects in
one of the twins but not the other.

Disclosure of conflict of interest
None.

Address correspondence to: Zhiging Liang, Depart-
ment of Obstetrics and Gynecology, The First Affi-
liated Hospital (Southwest Hospital), Army Medical
University, No. 30 Gaotanyan Street, Shapingba
District, Chongqging 400038, China. Tel: +86-
13320332902; E-mail: zhigingliang0903@126.
com; Qifeng Tang, Department of Anesthesiology,
Shanghai Hechuan-Rhine TCM Hospital, No. 3071
Hechuan Road, Minhang District, Shanghai 201103,
China. Tel: +86-15862511382; E-mail: ably.tang@
qg.com

References

[1] Rasiah SV, Ewer AK, Miller P, Wright JG, Tonks
A and Kilby MD. Outcome following prenatal
diagnosis of complete atrioventricular septal
defect. Prenat Diagn 2008; 28: 95-101.

[2] Hartman RJ, Riehle-Colarusso T, Lin A, Frias JL,
Patel SS, Duwe K, Correa A and Rasmussen
SA; National Birth Defects Prevention Study.
Descriptive study of nonsyndromic atrioven-
tricular septal defects in the national birth de-
fects prevention study, 1997-2005. Am J Med
Genet A 2011; 155A: 555-564.

[3] Hoohenkerk GJ, Bruggemans EF, Rijlaarsdam
M, Schoof PH, Koolbergen DR and Hazekamp
MG. More than 30 years’ experience with sur-
gical correction of atrioventricular septal de-
fects. Ann Thorac Surg 2010; 90: 1554-1561.

Am J Transl Res 2022;14(11):8271-8278


mailto:zhiqingliang0903@126.com
mailto:zhiqingliang0903@126.com

(4]

(5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

8277

SNP and DNA methylation analyses of a monozygotic twins discordant

Stulak JM, Burkhart HM, Dearani JA, Schaff
HV, Cetta F, Barnes RD and Puga FJ. Reopera-
tions after initial repair of complete atrioven-
tricular septal defect. Ann Thorac Surg 2009;
87: 1872-1877; discussion 1877-1878.
Morita H. They are not monozygotic twins-
long QT syndrome type 1 (LQT1) and catechol-
aminergic polymorphic ventricular tachycardia
(CPVT). Circ J 2018; 82: 2246-2247.
Imany-Shakibai H, Yin O, Russell MR, Sklansky
M, Satou G and Afshar Y. Discordant congeni-
tal heart defects in monochorionic twins: risk
factors and proposed pathophysiology. PLoS
One 2021; 16: e0251160.

de la Pompa JL and Epstein JA. Coordinating
tissue interactions: notch signaling in cardiac
development and disease. Dev Cell 2012; 22:
244-254,

Wang Y, Wu B, Chamberlain AA, Lui W, Koirala
P, Susztak K, Klein D, Taylor V and Zhou B.
Endocardial to myocardial notch-wnt-bmp axis
regulates early heart valve development. PLoS
One 2013; 8: e60244.

van den Akker NM, Caolo V and Molin DG.
Cellular decisions in cardiac outflow tract and
coronary development: an act by VEGF and
notch. Differentiation 2012; 84: 62-78.

Bao B, WangY, Hu H, Yao H, Li Y, Tang S, Zheng
L, Xu Y and Liang Z. Karyotypic and molecular
genetic changes associated with fetal cardio-
vascular abnormalities: results of a retrospec-
tive 4-year ultrasonic diagnosis study. Int J Biol
Sci 2013; 9: 463-471.

Priest JR, Girirajan S, Vu TH, Olson A, Eichler EE
and Portman MA. Rare copy number variants
in isolated sporadic and syndromic atrioven-
tricular septal defects. Am J Med Genet A
2012; 158A: 1279-1284.

Soemedi R, Wilson |J, Bentham J, Darlay R,
Topf A, Zelenika D, Cosgrove C, Setchfield K,
Thornborough C, Granados-Riveron J, Blue
GM, Breckpot J, Hellens S, Zwolinkski S, Glen
E, Mamasoula C, Rahman TJ, Hall D, Rauch A,
Devriendt K, Gewillig M, O’ Sullivan J, Winlaw
DS, Bu’Lock F, Brook JD, Bhattacharya S,
Lathrop M, Santibanez-Koref M, Cordell HJ,
Goodship JA and Keavney BD. Contribution of
global rare copy-number variants to the risk of
sporadic congenital heart disease. Am J Hum
Genet 2012; 91: 489-501.

Greenway SC, Pereira AC, Lin JC, DePalma SR,
Israel SJ, Mesquita SM, Ergul E, Conta JH,
Korn JM, McCarroll SA, Gorham JM, Gabriel
S, Altshuler DM, Quintanilla-Dieck Mde L,
Artunduaga MA, Eavey RD, Plenge RM, Shadick
NA, Weinblatt ME, De Jager PL, Hafler DA,
Breitbart RE, Seidman JG and Seidman CE. De
novo copy humber variants identify new genes
and loci in isolated sporadic tetralogy of fallot.
Nat Genet 2009; 41: 931-935.

(14]

(15]

(16]

[17]

(18]

[20]

(21]

[22]

(23]

(24]

[25]

[26]

Bao B, Zhang L, Hu H, Yin S and Liang Z.
Deletion of a single-copy daam1 gene in con-
genital heart defect: a case report. BMC Med
Genet 2012; 13: 63.

Li D, Hallett MA, Zhu W, Rubart M, Liu Y, Yang
Z, Chen H, Haneline LS, Chan RJ, Schwartz RJ,
Field LJ, Atkinson SJ and Shou W. Dishevelled-
associated activator of morphogenesis 1
(Daam1) is required for heart morphogenesis.
Development 2011; 138: 303-315.

Maitra M, Schluterman MK, Nichols HA,
Richardson JA, Lo CW, Srivastava D and Garg
V. Interaction of Gata4 and Gata6 with Tbx5 is
critical for normal cardiac development. Dev
Biol 2009; 326: 368-377.

Wojdacz TK, Dobrovic A and Hansen LL.
Methylation-sensitive high-resolution melting.
Nat Protoc 2008; 3: 1903-1908.

Lyu G, Zhang C, Ling T, Liu R, Zong L, Guan Y,
Huang X, Sun L, Zhang L, Li C, Nie Y and Tao W.
Genome and epigenome analysis of monozy-
gotic twins discordant for congenital heart dis-
ease. BMC Genomics 2018; 19: 428.

Oster ME, Riehle-Colarusso T, Alverson CJ and
Correa A. Associations between maternal fever
and influenza and congenital heart defects. J
Pediatr 2011; 158: 990-995.

Grievink H and Stowell KM. Identification of ry-
anodine receptor 1 single-nucleotide polymor-
phisms by high-resolution melting using the
Lightcycler 480 system. Anal Biochem 2008;
374: 396-404.

Shen P, Xie Q, Ma R, Dong Y, Wang Q and Sun
Y. Diagnosis and treatment of congenital tri-
cuspid valve malformation in a case of mono-
zygotic twins. J Cardiothorac Surg 2022; 17:
176.

McPherson E, Korlesky C and Hebbring S.
Cardiac anomalies in liveborn and stillborn
monochorionic twins. Clin Med Res 2020; 18:
58-67.

Takahashi K, Sato T, Nishiyama M, Sasaki A,
Taniguchi K, Migita O, Wada S, Hata K and
Sago H. Monochorionic diamniotic twins of dis-
cordant external genitalia with 45, X/46, XY
mosaicism. Mol Genet Genomic Med 2020; 8:
e1382.

Dempster EL, Pidsley R, Schalkwyk LC, Owens
S, Georgiades A, Kane F, Kalidindi S, Picchioni
M, Kravariti E, Toulopoulou T, Murray RM and
Mill J. Disease-associated epigenetic changes
in monozygotic twins discordant for schizo-
phrenia and bipolar disorder. Hum Mol Genet
2011; 20: 4786-4796.

Scacheri PC, Crawford GE and Davis S. Stati-
stics for ChIP-chip and DNase hypersensitivity
experiments on Nimblegen arrays. Methods
Enzymol 2006; 411: 270-282.

Kaplan L, Foster R, ShenY, Parry DM, McMaster
ML, O’Leary MC and Gusella JF. Monozygotic

Am J Transl Res 2022;14(11):8271-8278



[27]

(28]

[29]

[30]

(31]

SNP and DNA methylation analyses of a monozygotic twins discordant

twins discordant for neurofibromatosis 1. Am J
Med Genet A 2010; 152A: 601-606.

Kimani JW, Yoshiura K, Shi M, Jugessur A,
Moretti-Ferreira D, Christensen K and Murray
JC. Search for genomic alterations in monozy-
gotic twins discordant for cleft lip and/or pal-
ate. Twin Res Hum Genet 2009; 12: 462-468.
Bruder CE, Piotrowski A, Gijsbers AA, Andersson
R, Erickson S, Diaz de Stahl T, Menzel U,
Sandgren J, von Tell D, Poplawski A, Crowley M,
Crasto C, Partridge EC, Tiwari H, Allison DB,
Komorowski J, van Ommen GJ, Boomsma DI,
Pedersen NL, den Dunnen JT, Wirdefeldt K and
Dumanski JP. Phenotypically concordant and
discordant monozygotic twins display different
DNA copy-number-variation profiles. Am J Hum
Genet 2008; 82: 763-771.

Jakobsen LP, Bugge M, Ullmann R, Schjerling
CK, Borup R, Hansen L, Eiberg Hand Tommerup
N. 500K SNP array analyses in blood and sali-
va showed no differences in a pair of monozy-
gotic twins discordant for cleft lip. Am J Med
Genet A 2011; 155A: 652-655.

Kaminsky ZA, Tang T, Wang SC, Ptak C, Oh GH,
Wong AH, Feldcamp LA, Virtanen C, Halfvarson
J, Tysk C, McRae AF, Visscher PM, Montgomery
GW, Gottesman Il, Martin NG and Petronis A.
DNA methylation profiles in monozygotic and
dizygotic twins. Nat Genet 2009; 41: 240-245.
Wong CC, Caspi A, Williams B, Craig IW, Houts
R, Ambler A, Moffitt TE and Mill J. A longitudinal
study of epigenetic variation in twins. Epige-
netics 2010; 5: 516-526.

8278

[32]

[33]

[34]

[35]

[36]

Riley MF, McBride KL and Cole SE. NOTCH1
missense alleles associated with left ventricu-
lar outflow tract defects exhibit impaired re-
ceptor processing and defective EMT. Biochim
Biophys Acta 2011; 1812: 121-129.
Townsend G, Hughes T, Luciano M, Bockmann
M and Brook A. Genetic and environmental in-
fluences on human dental variation: a critical
evaluation of studies involving twins. Arch Oral
Biol 2009; 54 Suppl 1: S45-51.

Abu-Halima M, Weidinger J, Poryo M, Henn D,
Keller A, Meese E and Abdul-Khalig H. Micro-
RNA signatures in monozygotic twins discor-
dant for congenital heart defects. PLoS One
2019; 14: e0226164.

Kannan S, Bodurtha JN, Hamosh A and Jordan
C. Monochorionic twins with 15926.3 duplica-
tion presenting with selective intrauterine
growth restriction and discordant cardiac
anomalies: a case report. Mol Genet Genomic
Med 2022; 10: e1947.

Karbarz M. Consequences of 22q11.2 micro-
deletion on the genome, individual and popu-
lation levels. Genes (Basel) 2020; 11: 977.

Am J Transl Res 2022;14(11):8271-8278



