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Abstract: JAG1 gene through Notch signaling is implicated in cell fate decisions in early cardiac development, and mutations in several proteins in the pathway

have been involved in various disorders. Tetralogy of Fallot (TOF) is the most frequent form of complicated congenital heart disease. The abnormality of TOF
begins through the first eight weeks of fetal growth and is confused with ventricular septal defects, obstruction to right ventricular outflow tract, aortic dextroposi-
tion, and right ventricular hypertrophy. Hence the existence of mutations in JAG1 gene in Iranian patients with TOF is evaluated. The clinical data and peripheral
blood samples were collected from 44 sporadic nonsyndromic patients with TOF and compared to 44 healthy individuals. DNA was extracted, and the exon 6 of
the JAG1 gene was amplified by PCR then the PCR products were purified and sequenced. The age range in patients and the control group was 2-36 years, and
the mean and standard deviation (SD) of the age in patients was (11.69 + 7.85 years) and in control group (11.63 + 7.99 years). Finally, the samples were success-
fully sequenced, then analyzed and one synonymous variant (c.765C>T; p.Y255Y) was observed in 38 patients with frequency (86.4%) and three controls with
frequency (6.8%). The ¢.765C>T variant is significantly associated with the pathogenesis of TOF in Iranian population.
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Introduction ciency can cause TOF by mutations within the genes
encoding cardiac transcription factors. It is assumed

Tetralogy of Fallot (TOF; OMIM# 187500) is the that de novo mutations in the jaggedl (JAG1; OMIM#
most frequent form of complicated congenital heart 601920) ligand of transmembrane receptors Notch 1
disease (CHD), approximately 3.5% of CHD have TOF, (NOTCH1), Notch 2 (NOTCH2) and themselves, and
which is repaired by corrective surgery, males and fe- other genes that are effective in cardiac development are
males are equally involved (1, 2). The abnormality of involved in isolated TOF. JAGI gene is an extremely
TOF begins through the first eight weeks of fetal growth conserved ligand that plays a very important role in the
and is confused with ventricular septal defects (VSD), developmental stages of the mammals' heart (8-10).
atrial septal defect (ASD) or abnormalities in the bran- JAGI1 encodes jaggedl, a ligand for the NOTCH family
ching pattern of coronary arteries, obstruction to right of transmembrane receptors (11). JAG1 through Notch
ventricular outflow tract (RVOT), aortic dextroposition signaling is implicated in cell fate decisions in early
(AD) and right ventricular hypertrophy (RVH) (3). Cli- cardiac development, and mutations in several proteins
nical signs contain cyanosis/clubbing, hypoxia, breath- in the pathway have been involved in various disor-
lessness, rejection of food, failure to increase weight ders (12, 13). JAG1 gene is located at 20p12.2, has 26
and serious congenital heart malformation (4). Hypoxia exons and is transcribed to produce a 5.901 kb mRNA
induced oxidative DNA damage in TOF patients (5). (14). The Jaggedl is a glycosylated transmembrane
TOF has been seen in some of the syndromes, including protein of 180 kDa and 1218 amino acids length with
Down syndrome, Alagille syndrome, CHARGE syn- some characteristics, containing an N-terminal ‘DSL’
drome, and DiGeorge syndrome (1, 6, 7). Like most of motif found in the delta, serrate, and lag-2 ligands in
the other congenital heart diseases, the precise cause of the Notch family, 16 tandem repeated epidermal growth
TOF is unknown and also happens sporadically, without factor (EGF)-like domains, a small intracellular region,
any other anomaly. The presence of mutations in genes cysteine rich region, and a transmembrane region (15-
NK2 Homeobox 5 (NKX2.5), T-Box 1 (TBX1), Binding 17). Alagille syndrome (AGS) an autosomal dominant
Protein GATA (GATA), and others, and even the interac- disease is a multisystem disorder described by extre-
tion between these genetic factors and the environmen- mely variable expressivity, frequently caused by hete-
tal risk factors, causes the pathogenesis of the disease. rozygous mutations in the JAG1 gene (18, 19). Besides,
Dominant mutations resulting from the haploinsuffi- isolated congenital heart defects with sporadic and a
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small number of family cases are related to mutations
in the JAG1 gene, cases such as obstructive right heart
disease, including TOF, defects in the development
of the inner ear leading to deafness and both familial
deafness and CHD (20-22). Between the Notch ligands,
Exon 6 of JAG1 gene is extremely conserved and is cri-
tical for ligand binding to the Notch receptor (9, 23).
JAGI mutations that change the capacity for binding to
the receptors are important to identify the pathogenesis
of the disease (24). In addition to genetic factors due to
the interference of other factors such as environmental
factors, the TOF etiology is not accurately identified. So
despite many advances in treatment, some patients still
die (0.5% to 6%) (25). Due to the lack of studies on
JAGI gene mutations in TOF cases from Iran, this study
was conducted to investigate the mutations in the JAGI
gene in the exon 6 region in patients with TOF from Iran
using DNA sequencing method.

Materials and Methods

Study subjects

The study was approved by the Ethics Committee
of Shahid Sadoughi University of Medical Sciences,
Yazd, Iran. The informed written consent was obtained
from the patients or their parents prior to the procedure,
and all patient's personal health information was kept
confidential. In a case-control study, 44 (24 males, 20
females) sporadic nonsyndromic patients with TOF in
the age group of 2-36 years were included in the study
group. And 44 healthy individuals (sex and age matched
with the study group) with no family history of CHD,
and other related genetic diseases formed the control
group. Cases and controls were recruited from Decem-
ber 2015 to January 2017 by Afshar Hospital, Yazd,
Iran. TOF patients were evaluated by a cardiologist and
confirmed by echocardiography.

Procedure and variable assessments

Human genomic DNA was isolated from Ethylene-
diaminetetraacetic acid (EDTA) anticoagulated blood of
all samples (n=88). DNA was extracted from the blood
by High pure PCR Template Preparation Kit (Roche
Diagnostics GmbH, Mannheim, Germany) according
to the manufacturer's instructions. A polymerase chain
reaction (PCR) primer pair flanking the exon 6 were
designed using Primer3Plus to produce a PCR amplicon
of 500 bp and ordered from SinaClon BioScience Co.,
Iran (Table 1). PCR was performed in a final volume
of 35 pL containing 17.5 pL Master Mix (Ampliqon,
Odense M, Denmark), 0.8 puL of each primer, 12.9 pL
ddH20 and 100 ng of genomic DNA. Amplification
was done in T100™ Thermal Cycler (Bio-Rad, CA,
USA) with an initial denaturation at 95 °C for 5 min,
followed by 35 repetitive cycles of denaturation at 95
°C for 30 sec, annealing at 63 °C for 30 sec, and exten-
sion at 72 °C for 1 min, followed by a final extension

Table 2. General and variant characteristics of TOF patients and controls.

Table 1. The sequences of primers for exon 6 of JAG1 gene.

Primer Sequence (5'->3") Length (bp)
Forward CTTTTGTCAGGAGTCGGCTG 20
Reverse  ATGTTTCTAGCCCCAGTCGT 20

at 72 °C for 5 min. PCR products were electrophoresed
on agarose gel, and visualized under ultraviolet (UV)
light after electrophoresis. All PCR products were puri-
fied and sequenced by the Macrogen Sequencing Team
(Macrogen Inc., Seoul, Korea).

Bioinformatical and statistical analysis

The DNA sequence alignments were assembled
using CodonCode Aligner software (CodonCode Cor-
poration) and Geneious software (Biomatters Ltd.) with
the reference sequence published on the NCBI website.
The data were analyzed using mean = SD, Independent
two-sample t —tests and Chi-square, by the SPSS
software, version 16.0 (SPSS Inc., Chicago IL., USA).
A P-value of less than 0.05 was considered significant.

Results

The statistical analysis showed that the frequency of
gender (24 males, 20 females) distribution in the case
and control group is quite similar (P=1.000, Table 2).
The age range in patients and the control group was
2-36 years, and the mean and standard deviation (SD) of
the age in patients was 11.69 + 7.85 years and in control
group was 11.63 + 7.99 years, so there was no signi-
ficant difference between the means (P=0.968, Table
2). Finally the samples were successfully sequenced,
then analyzed and one synonymous variant, c.765C>T;
p-Y255Y, was observed in 38 patients with frequency
86.4% and three controls with frequency 6.8%. Fig.
1 illustrates a JAG1 heterozygous variant c.765 C>T.
So statistical analysis of data showed a significant dif-

[ 1 f
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Figure 1. Sequencing chromatograms showing JAGI hetero-

zygous variant ¢.765 C>T, wild-type is represented in the upper
panel.

TOF (n=44) Control (n=44) P
Male / Female, n (%) 24 (54.5)/20 24/20 (45.5) 1.000
Age (Mean£SD) (year) 11.69+7.85 11.63+7.99 0.968
765C>T / wild-type, n (%) 38 (86.4)/6 (13.6) 3 (6.8)/41 (93.2) <0.001
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Table 3. Distributions of genotypes and alleles at ¢.765 C>T variant
in JAGI gene between TOF patients and controls.

Frequency TOF Control p
n (%) n (%)
Genotype
CC 6 (13.6%) 41 (93.2%)
CT 23(52.3%) 1(2.3%) <0.001
TT 15 (34.1%) 2 (4.5%)
Allele
C 35(39.8%) 83 (94.3%)
<0.001
T 53(60.2%) 5(5.7%)

ference between patients and controls (P<0.001, Table
2). The allele and genotype distribution of ¢.765 C>T
in JAG1 was identified and compared between TOF
patients and control group. Based on the results, the
frequency of T allele was significantly higher in TOF
patients in comparison to controls (60.2% versus 5.7%,
Table 3).

Discussion

For the first time in CHD patients with pulmonary ste-
nosis and TOF, mutations in the JAG1 gene were identi-
fied (20). The exon 6 of JAG1 gene is much conserved
between the Notch ligands (9, 23). In the present study,
in the 38 patients with TOF and three controls one syno-
nymous variant, i.e., ¢.765C>T; p.Y255Y was found.
Since the variant at nucleotide 765 C—T is silent, the
tyrosine amino acid does not change at 255 in the pro-
tein. For the first time, this variant was reported in 1999
in patients with Alagille syndrome (AGS) (26). Warthen
et al., studied 247 patients with AGS in a cohort study.
They revealed that 232 (94%) of the patients with AGS
had mutations in the JAG1 gene, hence, they concluded
that heterozygous mutations in JAG1 cause AGS. They
also observed the ¢.765C>T mutation in some patients
(27). In 2014, Vazquez-Martinez et al., analyzed nine
Mexican patients with AGS. Interestingly, they found
several mutations including c¢.765C>T variant (with
the frequency of 0.53) in the JAG1 gene in 20-89% of
the patients (14). Although the prevalence and effect
of JAGI gene mutations on cardiac demonstrations in
AGS have been documented, reports on JAGI muta-
tions and correlation with phenotype are not well known
in TOF (28).

In studies that were conducted on patients with TOF,
other types of variants were reported for the exon 6 of
JAGI gene. For example, Eldadah ef al., reported a mis-
sense mutation ¢.821G>A; G274D in JAGI gene in a
large kindred segregating TOF patients with reduced
penetrance. Nine of the eleven mutation carriers showed
cardiac defect, including TOF, VSD and isolated peri-
pheral pulmonic stenosis (PPS) (1).

Similarly, in 2009, a particular G274D mutation in
the second EGF repeat of the JAG1 was identified to
correlate with TOF manifestations but not with AGS
phenotypes (29). Kola and colleagues identified four
novel variations in JAG1 gene in Indian patients with
TOF which were two missense ¢.814G>T; V272F and
c.834 G>T; E278D, one nonsense ¢.765C>A; Y255X,
and one silent variation ¢.861C>T; N287N in TOF pa-
tients (28).

Mutations in some genes are associated with TOF,
including JAGI (1, 28-30), NKX2.5 (31-35), NKX2.6
(36), GATAG6 (37-39), GATA4 (40, 41), GATAS (42,
43), Zinc Finger Protein, FOG Family Member 2
(ZFPM2/FOG2) (33, 44), Growth Differentiation Fac-
tor 1 (GDF1) (45), T-Box 1 (TBX1) (46), TBXS (47),
NOTCHI1 (48), Gap Junction Protein Alpha 5 (GJAS)
(49), Cbp/P300 Interacting Transactivator With Glu/
Asp Rich Carboxy-Terminal Domain 2 (CITED2) (50,
51), Blood Vessel Epicardial Substance (BVES) (52),
Paired Like Homeodomain 2 (PITX2) (53).

In conclusion, although synonymous variants ex-
change only codons, not amino acids, studies have
shown that they can change gene expression and alter
structure, stability, and the protein function and play a
major role in human disorders pathogenesis (54-60).
The synonymous variant ¢.765C>T does not change the
amino acid, hence, based on the effects of the silencing
variants on the protein functions, it may be concluded
that, the variant affects the JAG1 function as a ligand
binding form. Accordingly, functional study of this do-
main and its associated ligands can more clearly illumi-
nate the effects of the variant and its pathogenicity. In
the Middle East as well as Iran, limited genetic studies
have been conducted on congenital heart disease such as
TOF. According to the population-specific distribution
of genetic variants for CHD, present study displays the
outcomes of mutational analysis in patients with CHD
in Iran. Therefore, this variant has a significant role in
Iranian patients with TOF.

Acknowledgments

We are grateful to the patients and healthy individuals
and their families who kindly consented to join the stu-
dy.

Statement of Ethics

The participants and their parents have signed written
informed consent. This study was approved by the local
ethical committee of the Shahid Sadoughi University of
Medical Sciences in Yazd, Iran.

References

1. Eldadah ZA, Hamosh A, Biery NJ et al. Familial Tetralogy of
Fallot caused by mutation in the jaggedl gene. Human molecular
genetics Jan 15 2001; 10(2): 163-169.

2. Apitz C, Webb GD, Redington AN. Tetralogy of Fallot. Lancet
(London, England) Oct 24 2009; 374(9699): 1462-1471.

3. Ferencz C, Rubin JD, Mccarter RJ et al. Congenital heart di-
sease: prevalence at livebirth: the Baltimore-Washington Infant
Study. American journal of epidemiology 1985; 121(1): 31-36.

4. Hoffman JI, Kaplan S. The incidence of congenital heart disease.
Journal of the American college of cardiology 2002; 39(12): 1890-
1900.

5. Srujana K, Begum SS, Rao KN, Devi GS, Jyothy A, Prasad MH.
Application of the comet assay for assessment of oxidative DNA
damage in circulating lymphocytes of Tetralogy of Fallot patients.
Mutation research Jun 01 2010; 688(1-2): 62-65.

6. Kutiyanawala M, Wyse R, Brereton R et al. CHARGE and eso-
phageal atresia. Journal of pediatric surgery 1992; 27(5): 558-560.
7. Marino B, Digilio MC, Grazioli S et al. Associated cardiac ano-
malies in isolated and syndromic patients with tetralogy of Fallot.
The American journal of cardiology 1996; 77(7): 505-508.

8. Botto LD, Khoury MJ, Mulinare J, Erickson JD. Periconcep-

Cell Mol Biol (Noisy le Grand) 2018 | Volume 64 | Issue 4

105



Amin Safari-Arababadi et al.

JAGI gene mutations and Tetralogy of Fallot.

tional multivitamin use and the occurrence of conotruncal heart de-
fects: results from a population-based, case-control study. Pediatrics
1996; 98(5): 911-917.

9. Cordle J, Johnson S, Tay JZY et al. A conserved face of the Jag-
ged/Serrate DSL domain is involved in Notch trans-activation and
cis-inhibition. Nat Struct Mol Biol Aug 2008; 15(8): 849-857.

10. Rauch R, Hofbeck M, Zweier C et al. Comprehensive genotype-
phenotype analysis in 230 patients with tetralogy of Fallot. Journal
of medical genetics May 2010; 47(5): 321-331.

11. Guegan K, Stals K, Day M, Turnpenny P, Ellard S. JAG1 mu-
tations are found in approximately one third of patients presenting
with only one or two clinical features of Alagille syndrome. Clinical
genetics 2012; 82(1): 33-40.

12. Artavanis-Tsakonas S, Rand MD, Lake RJ. Notch signaling: cell
fate control and signal integration in development. Science 1999;
284(5415): 770-776.

13. Ehebauer M, Hayward P, Arias AM. Notch, a universal arbiter of
cell fate decisions. Science 2006; 314(5804): 1414-1415.

14. Vazquez-Martinez ER, Varela-Fascinetto G, Garcia-Delgado C
et al. Polymorphism analysis and new JAG1 gene mutations of Ala-
gille syndrome in Mexican population. Meta Gene Dec 2014; 2:
32-40.

15. Gray GE, Mann RS, Mitsiadis E et al. Human ligands of the
Notch receptor. The American journal of pathology 1999; 154(3):
785-794.

16. Lindsell CE, Shawber CJ, Boulter J, Weinmaster G. Jagged: a
mammalian ligand that activates Notchl. Cell 1995; 80(6): 909-
917.

17. Oda T, Elkahloun AG, Meltzer PS, Chandrasekharappa SC.
Identification and Cloning of the Human Homolog (JAG1) of the
RatJagged1Gene from the Alagille Syndrome Critical Region at
20p12. Genomics 1997; 43(3): 376-379.

18. Li L, Krantz ID, Deng Y et al. Alagille syndrome is caused by
mutations in human Jaggedl, which encodes a ligand for Notchl.
Nature genetics 1997; 16(3): 243-251.

19. McDaniell R, Warthen DM, Sanchez-Lara PA et al. NOTCH2
mutations cause Alagille syndrome, a heterogeneous disorder of the
notch signaling pathway. The American Journal of Human Genetics
2006; 79(1): 169-173.

20. Krantz ID, Smith R, Colliton RP et al. Jagged 1 mutations in
patients ascertained with isolated congenital heart defects. American
journal of medical genetics 1999; 84(1): 56-60.

21. Le Caignec C, Lefevre M, Schott J et al. Familial deafness,
congenital heart defects, and posterior embryotoxon caused by cys-
teine substitution in the first epidermal-growth-factor—like domain
of Jagged 1. The American Journal of Human Genetics 2002; 71(1):
180-186.

22. Lu F, Morrissette JJ, Spinner NB. Conditional JAG1 mutation
shows the developing heart is more sensitive than developing liver
to JAG1 dosage. The American Journal of Human Genetics 2003;
72(4): 1065-1070.

23. Pintar A, Guarnaccia C, Dhir S, Pongor S. Exon 6 of human
JAG1 encodes a conserved structural unit. BMC structural biology
2009; 9(1): 43.

24. Chillakuri CR, Sheppard D, Lea SM, Handford PA. Notch re-
ceptor—ligand binding and activation: Insights from molecular stu-
dies. Paper presented at: Seminars in cell & developmental biology,
2012.

25. Di Felice V, Zummo G. Tetralogy of fallot as a model to study
cardiac progenitor cell migration and differentiation during heart
development. Trends in cardiovascular medicine 2009; 19(4): 130-
135.

26. Crosnier C, Driancourt C, Raynaud N et al. Mutations in JAG-
GED1 gene are predominantly sporadic in Alagille syndrome. Gas-

troenterology 1999; 116(5): 1141-1148.

27. Warthen D, Moore E, Kamath B et al. Jaggedl (JAG1) muta-
tions in Alagille syndrome: increasing the mutation detection rate.
Human mutation 2006; 27(5): 436-443.

28. Kola S, Koneti NR, Golla JP, Akka J, Gundimeda SD, Mundluru
HP. Mutational analysis of JAG1 gene in non-syndromic tetralogy of
Fallot children. Clinica chimica acta; international journal of clinical
chemistry Nov 20 2011; 412(23-24): 2232-2236.

29. Guarnaccia C, Dhir S, Pintar A, Pongor S. The tetralogy of Fal-
lot-associated G274D mutation impairs folding of the second epi-
dermal growth factor repeat in Jagged-1. The FEBS journal 2009;
276(21): 6247-6257.

30. Digilio MC, Luca AD, Lepri F et al. JAG1 mutation in a patient
with deletion 22q11.2 syndrome and tetralogy of Fallot. American
journal of medical genetics Part A Dec 2013; 161a(12): 3133-3136.
31. Goldmuntz E, Geiger E, Benson DW. NKX2. 5 mutations in
patients with tetralogy of fallot. Circulation 2001; 104(21): 2565-
2568.

32. Draus JM, Jr., Hauck MA, Goetsch M, Austin EH, 3rd, Tomita-
Mitchell A, Mitchell ME. Investigation of somatic NKX2-5 muta-
tions in congenital heart disease. Journal of medical genetics Feb
2009; 46(2): 115-122.

33. De Luca A, Sarkozy A, Ferese R et al. New mutations in ZFPM2/
FOG2 gene in tetralogy of Fallot and double outlet right ventricle.
Clinical genetics Aug 2011; 80(2): 184-190.

34. Salazar M, Consoli F, Villegas V et al. Search of somatic GATA4
and NKX2. 5 gene mutations in sporadic septal heart defects. Euro-
pean journal of medical genetics 2011; 54(3): 306-309.

35. Kheirollahi M, Khosravi F, Ashouri S, Ahmadi A. Existence of
mutations in the homeodomain-encoding region of NKX2.5 gene in
Iranian patients with tetralogy of Fallot. Journal of research in medi-
cal sciences : the official journal of Isfahan University of Medical
Sciences 2016; 21: 24.

36. Zhao L, Ni SH, Liu XY et al. Prevalence and spectrum of Nkx2.6
mutations in patients with congenital heart disease. European jour-
nal of medical genetics Oct 2014; 57(10): 579-586.

37. Lin X, Huo Z, Liu X et al. A novel GATA6 mutation in patients
with tetralogy of Fallot or atrial septal defect. J] Hum Genet Oct
2010; 55(10): 662-667.

38. Zheng G, Zhao H, Wei D, Zhou N, Liu X. Identification of novel
mutations in GATA6 gene associated with tetralogy of Fallot. Zhon-
ghua yi xue za zhi 2012; 92(34): 2402-2405.

39. Huang RT, Xue S, Xu YJ, Yang YQ. Somatic mutations in the
GATAG6 gene underlie sporadic tetralogy of Fallot. International
journal of molecular medicine Jan 2013; 31(1): 51-58.

40. Nemer G, Fadlalah F, Usta J et al. A novel mutation in the
GATAA4 gene in patients with Tetralogy of Fallot. Human mutation
Mar 2006; 27(3): 293-294.

41. Yoshida A, Morisaki H, Nakaji M et al. Genetic mutation ana-
lysis in Japanese patients with non-syndromic congenital heart di-
sease. ] Hum Genet 02//print 2016; 61(2): 157-162.

42. Wei D, Bao H, Liu XY et al. GATAS5 loss-of-function mutations
underlie tetralogy of fallot. International journal of medical sciences
2013; 10(1): 34-42.

43. Huang RT, Xue S, Xu YJ, Zhou M, Yang YQ. Somatic GATAS
mutations in sporadic tetralogy of Fallot. International journal of
molecular medicine May 2014; 33(5): 1227-1235.

44. Pizzuti A, Sarkozy A, Newton AL et al. Mutations of ZFPM2/
FOG2 gene in sporadic cases of tetralogy of Fallot. Human mutation
Nov 2003; 22(5): 372-377.

45. Karkera JD, Lee JS, Roessler E et al. Loss-of-function mutations
in growth differentiation factor-1 (GDF1) are associated with conge-
nital heart defects in humans. American journal of human genetics
Nov 2007; 81(5): 987-994.

Cell Mol Biol (Noisy le Grand) 2018 | Volume 64 | Issue 4

106



Amin Safari-Arababadi et al.

JAGI gene mutations and Tetralogy of Fallot.

46. Griffin HR, Topf A, Glen E et al. Systematic survey of variants
in TBX1 in non-syndromic tetralogy of Fallot identifies a novel 57
base pair deletion that reduces transcriptional activity but finds no
evidence for association with common variants. Heart (British Car-
diac Society) Oct 2010; 96(20): 1651-1655.

47. Baban A, Postma AV, Marini M et al. Identification of TBX5
mutations in a series of 94 patients with Tetralogy of Fallot. Ameri-
can journal of medical genetics Part A Dec 2014; 164a(12): 3100-
3107.

48. Wang J, Xie X, Zhou S et al. The study of copy number va-
riations in the regions of NOTCH1 among Chinese VSD and TOF
patients. International journal of cardiology Mar 17 2011; 147(3):
444-446.

49. Guida V, Ferese R, Rocchetti M et al. A variant in the carboxyl-
terminus of connexin 40 alters GAP junctions and increases risk for
tetralogy of Fallot. European journal of human genetics : EIHG Jan
2013; 21(1): 69-75.

50. Yang X, Wu X, Li M et al. Mutation analysis of Cited2 in pa-
tients with congenital heart disease. Zhonghua er ke za zhi= Chinese
journal of pediatrics 2010; 48(4): 293-296.

51. Li Q, Pan H, Guan L, Su D, Ma X. CITED2 mutation links
congenital heart defects to dysregulation of the cardiac gene VEGF
and PITX2C expression. Biochemical and biophysical research
communications Jul 13 2012; 423(4): 895-899.

52. Wu M, Li Y, He X et al. Mutational and functional analysis of
the BVES gene coding region in Chinese patients with non-syndro-
mic tetralogy of Fallot. International journal of molecular medicine
2013; 31(4): 899-903.

53. Sun YM, Wang J, Qiu XB et al. PITX2 loss-of-function muta-
tion contributes to tetralogy of Fallot. Gene Feb 15 2016; 577(2):
258-264.

54. Supek F, Minana B, Valcarcel J, Gabaldon T, Lehner B. Synony-
mous mutations frequently act as driver mutations in human cancers.
Cell Mar 13 2014; 156(6): 1324-1335.

55. Fung KL, Pan J, Ohnuma S et al. MDR1 synonymous polymor-
phisms alter transporter specificity and protein stability in a stable
epithelial monolayer. Cancer research Jan 15 2014; 74(2): 598-608.
56. Mueller WF, Larsen LS, Garibaldi A, Hatfield GW, Hertel KJ.
The Silent Sway of Splicing by Synonymous Substitutions. The
Journal of biological chemistry Nov 13 2015; 290(46): 27700-
27711.

57. Pizzo L, Iriarte A, Alvarez-Valin F, Marin M. Conservation of
CFTR codon frequency through primates suggests synonymous mu-
tations could have a functional effect. Mutation research May 2015;
775: 19-25.

58. Cigliola V, Populaire C, Pierri CL et al. A Variant of GJD2, En-
coding for Connexin 36, Alters the Function of Insulin Producing
beta-Cells. PloS one 2016; 11(3): e0150880.

59. Ferri L, Dionisi-Vici C, Taurisano R, Vaz FM, Guerrini R,
Morrone A. When silence is noise: infantile-onset Barth syndrome
caused by a synonymous substitution affecting TAZ gene transcrip-
tion. Clinical genetics Nov 2016; 90(5): 461-465.

60. Kirchner S, Cai Z, Rauscher R et al. Alteration of protein func-
tion by a silent polymorphism linked to tRNA abundance. PLoS bio-
logy May 2017; 15(5): e2000779.

Cell Mol Biol (Noisy le Grand) 2018 | Volume 64 | Issue 4

107



