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Abstract. Congenital heart disease (CHD), and cleft lip and 
palate (CLP) are currently the most common types of struc-
tural malformation in infants. Various methods have been used 
to identify the disease‑associated genes. However, targeted 
next‑generation sequencing (NGS) is not yet considered an 
option for routine use. Thus, the present study aimed to assess 
the safety and feasibility of using targeted NGS in patients 
with CHD concomitant with CLP. Between November 2015 
and May 2017, a total of 17 patients with CHD concomitant 
with CLP, who were excluded from a diagnosis of trisomy 
syndrome, were selected at The Second Xiangya Hospital 
of Central South University (Changsha, China). Genomic 
DNA was extracted from peripheral blood samples of the 
patients. The copy number variants (CNVs) were determined 
by conducting a single nucleotide polymorphism (SNP) array 
with Illumina HumanOmni1‑Quad Beadchip, while infor-
mation on other gene mutations was obtained from targeted 
sequencing. The functions of gene mutations were then 
predicted using the PolyPhen‑2, SIFT and Mutation Taster 
tools. Finally, Sanger sequencing was used to verify the muta-
tions. The results identified no pathogenic mutations in CNVs 
analyzed by high‑throughput SNP sequencing. Targeted NGS 
results demonstrated that 10 patients  (58.8%) carried gene 
mutations, including 4 (23.5%) genetically diagnosed cases 
and 6 (35.3%) cases with unknown etiology. The 4 known 
diseases were Opitz G/BBB syndrome caused by MID1 

gene mutation, Loeys‑Dietz syndrome caused by TGFBR1 
gene mutation, Ritscher‑Schinzel/3C syndrome caused by 
KIAA0196 gene mutation and CHARGE syndrome caused by 
CHD7 gene mutation. The remaining 6 cases were not geneti-
cally diagnosed, although they carried candidate genes. In 
conclusion, the present study demonstrated that targeted NGS 
was an effective and accurate candidate gene detection method 
in patients with CHD concomitant with CLP.

Introduction

Congenital heart disease (CHD), and cleft lip and palate 
(CLP) represent birth defects with the highest rates of inci-
dence worldwide. Furthermore, the incidence rate of CHD 
in patients with CLP is 6.5‑12.7%, which is notably higher 
in comparison with that of the general population  (1,2). 
In addition to distorting the facial appearance, CLP can 
negatively affect normal infant activities, such as suckling 
and speaking (3). Clinically, CHD and CLP are commonly 
referred to as the main phenotypes, although specific 
syndromes are also described in certain patients, such 
as velocardiofacial syndrome, solitary median maxillary 
central incisor syndrome and Wolf‑Hirschhorn syndrome, 
among others  (4‑6). Children with CLP typically require 
multiple surgical interventions and numerous sessions of 
speech therapy from infancy to early adulthood to achieve 
near‑normal appearance and function (7). Genetic studies 
have suggested that deletion of the chromosome frag-
ments and single gene mutation are both observed in these 
syndromes (4‑6,8). However, the hereditary background of 
patients with such syndromes currently remains clear.

With the development of genetic sequencing technologies, 
numerous novel methods have been suggested as important 
techniques to identify disease‑associated genes, including 
single nucleotide polymorphism (SNP) array, copy number 
variation (CNV) analysis, and targeted and whole exome 
sequencing (9‑11). Traditionally, genetic testing in DNA‑based 
diagnostic laboratories involves sequential Sanger sequencing 
of known disease genes. However, the diagnostic yield of 
next‑generation sequencing (NGS) exceeds that of Sanger 
sequencing in genetic diseases, since multiple genes can be 
analyzed in a single experiment. Thus, the introduction of NGS 
has provided revolutionary opportunities for comprehensive 
genetic testing in research and diagnostics.
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In the present study, the effectiveness and accuracy of 
using targeted NGS to determine candidate genes in patients 
with CHD concomitant with CLP were assessed.

Patients and methods

Patients. A total of 17 patients with CHD concomitant with 
CLP treated at The Second Xiangya Hospital of Central South 
University (Changsha, China) between November 2015 and 
May 2017 were enrolled into the present study (Fig. 1). The 
study group comprised of 14 male and 3 female patients aged 
4‑108 months (mean age, 42.8±32.9 months) with a mean 
body weight of 17.6±6.9 kg (Table I). The patient selection 
criteria in terms of CHD were as follows: i) Exhibiting typical 
clinical manifestations and symptoms of CHD on physical 
examination, including cyanosis and/or cardiac murmur; and 
ii) diagnosis of CHD by transthoracic echocardiography (12). 
In terms of CLP the inclusion criteria included the following: 
i) Typical clinical manifestations and symptoms on physical 
examination, including cleft lip (CL) and/or cleft palate 
(CP) (13,14); ii) stomatological diagnosis; and iii) amalgama-
tion or non‑merger of other malformations, or growth/mental 
retardation. The patient exclusion criteria were as follows: 
i) Patients without CHD and CLP; ii) cases diagnosed with 
trisomy 18 or 21 syndrome; and iii) refusal of participation by 
the patient's parents or guardians.

The study protocol was approved by the Review Board of 
The Second Xiangya Hospital of Central South University, and 
the relatives of study subjects provided informed consent for 
participation. All experiments were performed in accordance 
with relevant guidelines and regulations.

Blood sample collection and DNA extraction. Peripheral 
blood samples (600  µl) obtained from each patient were 
collected into 1.5 ml Eppendorf tubes (Eppendorf, Hamburg, 
Germany) containing protein kinase (20 µl) and cell lysate 
(200  µl). Tubes were agitated for 1  min, centrifuged for 
10 sec at 4˚C at 9,295 x g, and subjected to genomic (g)DNA 
extraction using a DNeasy Blood and Tissue kit (Qiagen, 
Inc., Valencia, CA, USA) according to the manufacturer's 
protocols using a QIAcube automated DNA extraction device 
(Qiagen, Inc.). The gDNA solution generated was stored at 
‑80˚C. Subsequently, a NanoDrop 2000 spectrophotometer 
(Thermo Fisher Scientific, Inc., Waltham, MA, USA) was 
used to determine the quantity and quality of the DNA 
samples, and 3 µg DNA from each sample was then used in 
subsequent assays (15‑17).

SNP array analysis. Genomic DNA samples of the patients 
were used to conduct SNP array analysis at a final concentra-
tion of 50 ng/ml. The signal intensities of SNP probes were 
determined by employing an Illumina BeadScan genotyping 
system (Beadstation Scanner 500; Illumina, Inc., San Diego, 
CA, USA) with a HumanOmni1‑Quad Beadchip (Illumina, 
Inc.), according to the manufacturer's protocol.

Targeted NGS. A targeted NGS gene panel for 455 genes 
that have been associated with CHD or CLP in previous 
studies (8,16,18,19) was employed (Table II). Targeted NGS, 
including library construction, capture and sequencing, was 

performed by Agilent Technologies, Inc. (Santa Clara, CA, 
USA). Enrichment of target regions and library preparation 
were performed using a SureSelectXT2 Custom kit (1‑499 kb; 
Agilent Technologies, Inc.) according to the manufacturer's 
protocol. Library DNA concentrations were determined using 
an Agilent QPCR NGS Library Quantification kit (G4880A; 
Agilent Technologies, Inc.), with each sample at a final concen-
tration of 10 nmol/l. Subsequently, samples were ordered with 
a HiSeq2000 sequencing system using TruSeq chemistry and 
protocols (version 3; Illumina, Inc.) (20).

Data analysis and filtering. The Ensembl database (release 95; 
https://www.ensembl.org/) was used for variant annotation. 
Filtering was performed with ANNOVAR Documentation 
(http://annovar.openbioinformatics.org/), using the following 
SNP databases for filtering: dbSNP (build 138; https://www.ncbi.
nlm.nih.gov/snp), Exome Variant Server (release ESP6500SI‑V2; 
http://evs.gs.washington.edu/EVS/), 1000 Genomes Project 
(released May 2012; http://www.internationalgenome.
org/home) and HapMap CHB (release 28; http://hapmap.ncbi.
nlm.nih.gov/). In order to predict the possible impact of vari-
ants, the following tools were used: SIFT (version  6.2.1, 
https://sift.bii.a‑star.edu.sg/), Polyphen‑2 (version  2.2.2; 
http://genetics.bwh.harvard.edu/pph2/), Mutation‑Taster 
(version 2; http://www.mutationtaster.org/) and Human Splicing 
Finder (version 3.1, http://www.umd.be/HSF3/). The filtering 
strategies used are displayed in Fig. 2.

Variant validation. Variants warranting further investiga-
tion included novel variants, which were predicted to be 
‘likely pathogenic’ or ‘pathogenic’ according to PolyPhen‑2, 
Mutation‑Taster and SIFT predictions, or were indicated to 
be ‘likely pathogenic’ and possessed minor allele frequen-
cies of <0.1%, as predicted by ExAC browser (version 0.3.1; 
http://exac.broadinstitute.org/). Variants and samples from 
the parents of certain patients were assessed by Sanger 
sequencing. To confirm the disease‑associated genes, the rele-
vant literature was surveyed on PubMed (https://www.ncbi.
nlm.nih.gov/pubmed); example literature searches included: 
MID1, Opitz G/BBB syndrome, 2007.1.1‑2018.10.31, English; 
TGFBR1, Loeys‑Dietz syndrome, 2007.1.1‑2018.10.31, English; 
KIAA0196, Ritscher‑Schinzel syndrome, 2007.1.1‑2018.10.31, 
English; CHD7, CHARGE syndrome, 2007.1.1‑2018.10.31, 
English.

Polymerase chain reaction (PCR). Entire exon and exon‑intron 
junctions of genes were amplified by PCR. Genomic DNA 
(0.5 µl) obtained from peripheral blood samples of patients 
was added to 11 µl double‑distilled water, 0.5 µl forward 
primer, 0.5 µl reverse primer and 2x PCR Master Mix (12.5 µl; 
Nanjing Saihongrui Biotechnology Co., Ltd., Nanjing, China) 
containing 2X Taq DNA Polymerase. qPCR was conducted 
as follows: Initial denaturation at 94˚C for 5 min; 35 cycles of 
denaturation at 94˚C for 30 sec, annealing at 50˚C for 30 sec 
and extension at 72˚C degrees for 30 sec; and final extension at 
72˚C degrees for 10 min. Sequences of the PCR products were 
determined using an ABI 3100 Genetic Analyzer (Applied 
Biosystems; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocol. The primer sequences are listed in 
Table III.
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Results

Screening outcomes. No pathogenic mutations were identified 
in CNVs analyzed by high‑throughput SNP sequencing. The 
targeted NGS results demonstrated that 10 out of the 17 patients 
(58.8%) carried gene mutations, including 4 cases (23.5%) that 
were genetically diagnosed and 6 cases (35.3%) with unknown 
etiology; the remaining 7 patients did not carry known muta-
tions. The diseases involved in the 4 known cases and the 
associated genes were as follows: Opitz G/BBB syndrome 
caused by midline‑1  (MID1) gene mutation; Loeys‑Dietz 
syndrome  (LDS) caused by transforming growth factor‑β 
receptor type I (TGFBR1) gene mutation; Ritscher‑Schinzel 
syndrome (RSS; also known as 3C syndrome) caused by 
KIAA0196 gene mutation; and CHARGE syndrome caused by 
chromodomain‑helicase‑DNA‑binding protein 7 (CHD7) gene 
mutation.

Prediction of gene function. Characteristics of the named gene 
mutations were predicted through the PolyPhen‑2, SIFT and 
Mutation Taster programs (Table IV). Among the genetically 
diagnosed cases, the MID1 (c.G1477C, p.A723V) and TGFBR1 
(c.T1400A, p.M467K) gene mutations were predicted to be 
‘pathogenic’, ‘likely pathogenic’ and ‘pathogenic’ by SIFT, 
PolyPhen‑2 and Mutation Taster, respectively. The CHD7 gene 
mutation (c.C4894T, p.R1632C) was predicted to be ‘patho-
genic’ by both SIFT and Mutation Taster, while the PolyPhen‑2 
program predicted this mutation to be ‘benign’. The KIAA0196 
gene mutation (c.A2533G, p.T845A) was predicted to be ‘likely 

Figure 1. Characteristic examples of left lip and/or palate phenotype in patients.

Table I. Patient characteristics.

Characteristic	 Value

Total no.	 17
Males/females	 14/3
Mean age (months)	 42.8±32.9
Mean weight (kg)	 17.6±6.9
Cardiac phenotype	
  ASD	 1
  VSD	 7
  DORV	 1
  ASD + VSD	 3
  ASD + PLSVC	 1
  TOF + PLSVC	 1
  VSD + PFO	 1
  TOF + ASD	 1
  PDA + PFO	 1
Maxillofacial phenotype	
  CL 	 5
  CP	 9
  CLP	 3

VSD, ventricular septal defect; ASD, atrial septal defect; TOF, 
tetralogy of Fallot; PLSVC, persistent left superior vena cava; PDA, 
patent ductus arteriosus; PFO, patent foramen ovale; DORV, double 
outlet right ventricle; CLP, cleft lip and cleft palate; CP, cleft palate; 
CL, cleft lip.

https://www.spandidos-publications.com/10.3892/mmr.2019.10043
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Table III. Primer sequences.

Gene	 Primers (5'‑3')

MID1	 F:	CACTTTGTGATAGGAGGCATGA
	 R:	ACACATTTCCAGCTACTCCATAG
TGFBR1	 F:	CACCAGTACCCTATTGATGGAAA
	 R:	AGTTCAGGCAAAGCTGTAGAA
KIAA0196	 F:	CATATTTGGTGCCGCATGTC
	 R:	AGAAGCCTGTCTAAGCCATTTA
CHD7	 F:	AATGTTTCAGGGTGGAGA
	 R:	CAGGACCTTGTTACAGTGAT
NPHP3 	 F:	CACAATGCAGTATAGCACACAAA
	 R:	CTTATCTGTTCCAGCCACACT
PCSK5	 F:	GTGCCTTGTTAATCCCTTTACAC
	 R:	CAGGCTGCTCTTGCTCTT
FBN2	 F:	TAATGAGTGTGTCGCCCTTC
	 R:	TGGCACTTAGTATGTTTCCAGAG
DLL1	 F:	CTGTCTTTGGTTTGTCTGGTTTC
	 R:	AAGTCGTTCACGCCATCC
NOTCH3	 F:	TCCTAAACTCACCCTGTCCT
	 R:	GCACAGTCGTAAGTGAGGTC
COL3A1	 F:	AAGCAGCATCACTGTCATCTAA
	 R:	AGAACTGCCCATTTGTGGT
CHD1L	 F:	GAACTCGCTCTGAGGTTCAA
	 R:	AACTTCTAAGGTCACAGGTTAGG
FMO5	 F:	GCTGAGTAAAGAGAACACTTGGA
	 R:	TGGCTGTTTGGCTAATCTCTAC
LLPH	 F:	GGATGAACCAAAGGCAAAGAAA
	 R:	GAGGAGTTATGCTGGGTTTGA
PPARGC1A	 F:	GGATGAACCAAAGGCAAAGAAA
	 R:	GAGGAGTTATGCTGGGTTTGA
PTPN22	 F:	GGACATAGAGCTGAATTTGCTTC
	 R:	CAAAGACAAGCTCTCTATAAGGTAGA
TTC30A	 F:	GGAACTCTTTATTGTGCCAAAGG
	 R:	CTGGACTCATCTGTGACTGTATTC
OBSCN	 F:	CCACGCTGGACTCCATTAG
	 R:	GCACAGATGGGTGGATGAA
DAND5	 F:	GTCATTGCTCCTCTCTCTACATC
	 R:	ACGTCTTTCTTGGTCCATCTC
STIM2	 F:	CTAGAGCTTGTGCATGGGAA
	 R:	GACTTTGCTCTGCAGTTTGTAAG

F, forward; R, reverse; MID1, midline‑1; TGFBR1, transforming 
growth factor‑β receptor type I; CHD7, chromodomain‑helicase‑​
DNA‑binding protein 7; NPHP‑3, nephrocystin‑3; PCSK5, 
proprotein convertase subtilisin/kexin type 5; FBN2, fibrillin 2; 
DLL1, delta‑like protein 1; NOTCH3, Notch 3; COL3A1, collagen 
type III α1 chain; CHD1L, chromodomain helicase DNA binding 
protein 1 like; FMO5, flavin containing monooxygenase 5; LLPH, 
LLP homolog, long‑term synaptic facilitation factor; PPARGC1A, 
peroxisome proliferator activated receptor gamma coactivator 1 
alpha; PTPN22, protein tyrosine phosphatase non‑receptor type 22; 
TTC30A, tetratricopeptide repeat domain 30A; OBSCN, obscurin; 
DAND5, DAN domain BMP antagonist family member 5; STIM2, 
stromal interaction molecule 2.
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pathogenic’ by PolyPhen‑2 and ‘pathogenic’ by Mutation 
Taster, while the SIFT program predicted this mutation to have 
‘uncertain significance’. Potential pathogenic genes were iden-
tified in the remaining 6 cases; however, literature searches 
did not reveal previously reported associations between the 
genes and diseases of interest. Therefore, the cases cannot be 
diagnosed based upon the identified mutations.

Sanger sequencing. Finally, Sanger sequencing verified each muta-
tion (Fig. 3), which was followed by review of the literature in the 
context of each mutation to obtain the genetic diagnosis (8,21‑23). 
The parents of certain patients were also studied through the use 
of Sanger sequencing, but the identified gene mutations were not 
detected in any of the parents (data not shown).

Discussion

CHD and CLP are characterized by anomalous anatomical 
structures, caused by abnormal development of the heart and 

large blood vessels in CHD (24), or abnormal fusion of the 
lip and palate during embryonic development in CLP (25). 
These diseases can severely affect neonatal health, thus 
representing a burden to families and the society (16). With 
the rapid development of genetic sequencing technology, a 
number of methods are considered to be important in identi-
fying disease‑associated genes, including Sanger sequencing, 
SNP array, CNV analysis, and targeted and whole exome 
sequencing.

In the current study, no pathogenic mutations were identi-
fied in CNVs analyzed by high‑throughput SNP sequencing. 
Certain gene mutations were successfully identified in 
10  patients (58.8%) via targeted NGS. According to the 
clinical phenotype of the patient and the mutation site of 
the candidate pathogenetic gene, 4 of these patients were 
diagnosed with a known genetic syndrome. To the best of our 
knowledge, it appears that the present study identified for the 
first time a mutation (c.G1477C, p.A723V) in the MID1 gene 
as a possible cause of ventricular septal defect and CL in an 

Figure 3. Results of Sanger sequencing. Results for patients 1 to 10 are presented in graphs A‑J, respectively. The first four patients were diagnosed as follows: 
Patient 1, Opitz G/BBB syndrome; patient 2, Loeys‑Dietz syndrome; patient 3, Ritscher‑Schinzel syndrome; and patient 4, CHARGE syndrome.

Figure 2. Flow chart representing the filtering strategies employed in the present study.



MOLECULAR MEDICINE REPORTS  19:  3831-3840,  2019 3837

Ta
bl

e 
IV

. R
es

ul
ts

 o
f t

ar
ge

te
d 

se
qu

en
ci

ng
.

	
Pr

ed
ic

tio
n 

to
ol

	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑













































Pa

tie
nt

 n
o.

	
A

ge
 (m

on
th

s)
	

Se
x	

C
H

D
	

C
LP

	
G

en
e	

C
hr

om
os

om
e	

SI
FT

	
Po

ly
Ph

en
‑2

	
M

ut
at

io
n 

ta
st

er
	

C
C

D
S	

A
m

in
o 

ac
id

  1
	

10
8	

M
al

e	
V

SD
	

C
L	

M
ID

1	
X

p2
2.

2	
Pa

th
og

en
ic

	
Li

ke
ly

 p
at

ho
ge

ni
c	

Pa
th

og
en

ic
	

G
14

77
C

	
A

72
3V

  2
	

48
	

M
al

e	
TO

F,
 P

LS
V

C
	

C
LP

	
TG

FB
R1

	
9q

22
.3

	
Pa

th
og

en
ic

	
Li

ke
ly

 p
at

ho
ge

ni
c	

Pa
th

og
en

ic
	

T1
40

0A
	

M
46

7K
  3

	
9	

M
al

e	
PD

A
, P

FO
	

C
L	

K
IA

A0
19

6	
8q

24
.1

3	
U

nc
er

ta
in

 si
gn

ifi
ca

nc
e	

Li
ke

ly
 p

at
ho

ge
ni

c	
Pa

th
og

en
ic

	
A

25
33

G
	

T8
45

A
  4

	
60

	
M

al
e	

V
SD

, A
SD

	
C

L	
C

H
D

7	
8q

12
.2

	
Pa

th
og

en
ic

	
B

en
ig

n	
Pa

th
og

en
ic

	
C

48
94

T	
R

16
32

C
  5

	
4	

Fe
m

al
e	

V
SD

, A
SD

	
C

P	
N

PH
P3

	
3q

22
.1

	
U

nc
er

ta
in

 si
gn

ifi
ca

nc
e	

B
en

ig
n	

Pa
th

og
en

ic
	

C
12

28
A

	
Q

41
0K

  6
	

36
	

M
al

e	
V

SD
	

C
L	

PC
SK

5	
1q

21
.1

	
Pa

th
og

en
ic

	
Li

ke
ly

 p
at

ho
ge

ni
c	

Pa
th

og
en

ic
	

C
50

41
G

	
P1

68
1A

  7
	

24
	

M
al

e	
D

O
RV

, V
SD

	
C

P	
FB

N
2	

5q
23

.3
	

U
nc

er
ta

in
 si

gn
ifi

ca
nc

e	
Li

ke
ly

 p
at

ho
ge

ni
c	

Pa
th

og
en

ic
	

G
61

54
A

	
E2

05
2K

  8
	

72
	

M
al

e	
A

SD
, P

LS
V

C
	

C
P	

D
LL

1	
6q

27
	

Pa
th

og
en

ic
	

Li
ke

ly
 p

at
ho

ge
ni

c	
Pa

th
og

en
ic

	
C

13
07

T	
S4

36
L

  9
	

84
	

Fe
m

al
e	

V
SD

	
C

P	
N

O
TC

H
3	

19
p1

3.
12

	
Pa

th
og

en
ic

	
Li

ke
ly

 p
at

ho
ge

ni
c	

Pa
th

og
en

ic
	

G
51

5A
	

G
17

2D
10

	
30

	
M

al
e	

A
SD

	
C

P	
C

O
L3

A1
	

2q
32

.2
	

U
nc

er
ta

in
 si

gn
ifi

ca
nc

e	
Li

ke
ly

 p
at

ho
ge

ni
c	

Pa
th

og
en

ic
	

G
14

72
A

	
R

49
1Q

C
H

D
, c

on
ge

ni
ta

l h
ea

rt 
di

se
as

e;
 V

SD
, v

en
tri

cu
la

r 
se

pt
al

 d
ef

ec
t; 

A
SD

, a
tri

al
 s

ep
ta

l d
ef

ec
t; 

TO
F,

 te
tra

lo
gy

 o
f 

Fa
llo

t; 
PL

SV
C

, p
er

si
st

en
t l

ef
t s

up
er

io
r 

ve
na

 c
av

a;
 P

D
A

, p
at

en
t d

uc
tu

s 
ar

te
rio

su
s;

 P
FO

, 
pa

te
nt

 f
or

am
en

 o
va

le
; D

O
RV

, d
ou

bl
e 

ou
tle

t r
ig

ht
 v

en
tri

cl
e;

 C
LP

, c
le

ft 
lip

 a
nd

 p
al

at
e;

 C
P,

 c
le

ft 
pa

la
te

; C
L,

 c
le

ft 
lip

; M
ID

1,
 m

id
lin

e‑
1;

 T
G

FB
R

1,
 tr

an
sf

or
m

in
g 

gr
ow

th
 f

ac
to

r‑β
 r

ec
ep

to
r 

ty
pe

 I
; C

H
D

7,
 

ch
ro

m
od

om
ai

n‑
he

lic
as

e‑
D

N
A

‑b
in

di
ng

 p
ro

te
in

 7
; N

PH
P‑

3,
 n

ep
hr

oc
ys

tin
‑3

; P
C

SK
5,

 p
ro

pr
ot

ei
n 

co
nv

er
ta

se
 s

ub
til

is
in

/k
ex

in
 ty

pe
 5

; F
B

N
2,

 fi
br

ill
in

 2
; D

LL
1,

 d
el

ta
‑li

ke
 p

ro
te

in
 1

; N
O

TC
H

3,
 N

ot
ch

 3
; 

C
O

L3
A

1,
 c

ol
la

ge
n 

ty
pe

 II
I α

1 
ch

ai
n;

 C
C

D
S,

 c
on

se
ns

us
 c

od
in

g 
se

qu
en

ce
.

https://www.spandidos-publications.com/10.3892/mmr.2019.10043


BU et al:  NGS FOR RESEARCH AND DIAGNOSTICS IN CHD AND CLP3838

Opitz G/BBB syndrome patient. The MID1 gene is located 
on the short arm of the X chromosome, is approximately 
300 kb, and includes 9 coding exons and multiple non‑coding 
exons. In early embryonic development, the MID1 gene 
is highly expressed in the heart, facial region and central 
nervous system (26,27). In total, >90 different mutations of 
the MID1 gene have been reported in the literature, and point 
mutations in this gene have been suggested to cause Opitz 
G/BBB syndrome (18,21,28‑31). The MID1 protein encoded 
by the MID1 gene is a ubiquitin ligase that interacts with 
the α4 protein, which is linked to the protein phosphatase 
PP2A and forms the complex MID1‑α4‑PP2A (27,32). This 
complex is closely associated with the development of the 
ventral midline; therefore, this is also the main reason for the 
abnormal development of the ventral midline structure caused 
by MID1 gene mutation (33).

LDS is characterized by vascular abnormalities (cerebral, 
thoracic, and abdominal arterial aneurysms and/or dissections), 
skeletal manifestations, craniofacial features (such as CP) and 
cutaneous findings (34). Approximately a third of LDS cases 
are caused by TGFBR1 mutation, while two thirds are caused 
by TGFBR2 mutation; the mutation site is mostly located in 
the serine‑hydroxybutyrate enzyme activation coding region, 
located in the intracellular portion of the TGF‑β receptor (35). 
The TGF‑β type  I receptor is necessary for the fusion of 
the upper lip and soft palate (36,37), and the TGFBR1 gene 
serves a major role in the development of the heart (22). In 
the present study, the TGFBR1 gene mutation was predicted 
to be ‘pathogenic’, ‘likely pathogenic’ and ‘pathogenic’ by the 
SIFT, PolyPhen‑2 and Mutation Taster programs, respectively. 
It was also identified for the first time that mutation (c.T1400A, 
p.M467K) in the TGFBR1 gene was a possible cause of 
tetralogy of Fallot and CL in the LDS patient.

RSS is a clinically heterogeneous disorder characterized 
by distinctive craniofacial features (including CP) in addi-
tion to cerebellar and cardiac anomalies (8). To date, two 
articles (8,38) have been reported on cases of RSS caused by 
KIAA0196 gene mutation. Mutation (c.A2533G, p.T845A) in 
KIAA0196 gene was investigated in the present study, which 
is a novel candidate gene involved in heart development. The 
KIAA0196 gene is situated at 8q24.13 of chromosome 8, and 
the encoded protein of this gene is known as strumpellin, 
which is comprised of 1,159 amino acids and is highly 
conserved  (8). This protein is ubiquitously expressed in 
multiple systems and is highly expressed in skeletal muscle. 
KIAA0196 mutations have been reported to cause heredi-
tary spastic paraplegia (39), while a complex overlapping 
phenotype, particularly with CHD, has been rarely reported. 
In 2013, Elliott et  al  (8) detected KIAA0196 gene muta-
tions in 8 patients with RSS/3C syndrome. The expression 
of strumpellin protein was also reduced by 60%, and the 
patients exhibited abnormal phenotype of heart development 
defects. In addition, previous studies have indicated that 
there are genes that cause cardiac abnormalities in the 8q24 
interval, and suggested that the KIAA0196 gene is incorpo-
rated into the interval (8,40). These studies also suggested 
that the KIAA0196 gene may serve a role in the pathogenesis 
of cardiac developmental disorders.

CHARGE syndrome is a congenital condition comprising 
of choroid disease, heart disease, atresia choanae, retarded 

growth and development, genital hypoplasia, and ear anomalies 
and/or deafness; facial palsy, micrognathia, CP and swal-
lowing difficulties are also common (41). In the present study, 
the CHD7 gene mutation (c.C4894T, p.R1632C) was predicted 
to be ‘pathogenic’ by both SIFT and Mutation Taster, while the 
PolyPhen‑2 program predicted this mutation to be ‘benign’. To 
date, ~193 mutations of the CHD7 gene have been reported 
to lead to CHARGE syndrome  (23,42). The CHD7 gene 
encodes the CHD7 protein, which serves a role in chromatin 
remodeling, cell cycle regulation, apoptosis regulation, tran-
scriptional regulation and embryonic stem cell diversity (43). 
Studies have demonstrated that the CHD7 gene is expressed 
in a number of fetal tissues, including the fetal eye, ear, brain 
cells, olfactory bulb and heart tube, among others (19,43). The 
majority of mutations lead to the production of non‑functional 
CHD7 protein, which may disrupt chromatin remodeling and 
gene expression. Regulation changes in CHD7 gene expression 
during embryonic development may lead to symptoms and 
signs of CHARGE syndrome (19).

The remaining 6 cases were not genetically diagnosed, 
although candidate genes were identified, including nephro-
cystin‑3 (NPHP‑3), proprotein convertase subtilisin/kexin type 
5 (PCSK5), fibrillin 2 (FBN2), delta‑like protein 1 (DLL1), 
Notch 3 (NOTCH3) and collagen type III α1 chain (COL3A1). 
The NPHP3 gene mutation (c.C1228A, p.Q410K) may impact 
the development of cilia tissue, while it has been reported 
that primary ciliary dyskinesia is associated with the devel-
opment of CHD (44). In addition, the PCSK5 gene mutation 
(c.C5041G, p.P1681A) was predicted to be ‘pathogenic’, ‘likely 
pathogenic’ and ‘pathogenic’ by the SIFT, PolyPhen‑2 and 
Mutation Taster tools, respectively. In mice, the PCSK5 gene 
causes VACTERL syndrome, which comprises of deformity 
in vertebral, anorectal, cardiac, tracheoesophageal, renal, limb 
and other systems (45). The FBN2 gene mutation (c.G6154A, 
p.E2052K) may cause congenital contractural arachnodactyly. 
The cardiovascular phenotype of this syndrome is milder and 
less common in comparison with that of Marfan syndrome, 
and the ascending aorta is also slightly dilated, which may 
be combined with other intracardiac malformations  (46). 
Furthermore, the SIFT, PolyPhen‑2 and Mutation Taster 
programs respectively predicted the DLL1 gene mutation 
(c.C1307T, p.S436L) to be ‘pathogenic’, ‘likely pathogenic’ 
and ‘pathogenic’. The protein encoded by the DLL1 gene is 
a ligand in the Notch signaling pathway, which mainly regu-
lates the apoptosis of hematopoietic cells and signals between 
cells. The Notch signaling pathway serves an important role in 
embryonic differentiation and in homeostasis in adults, as well 
as in the development of various systems (47). Additionally, 
the protein encoded by the NOTCH3 gene, which was found 
to be affected by mutation (c. G515A, p. G172D) in the present 
study, is among the key proteins in the Notch signaling 
pathway. The disease caused by the mutation is an autosomal 
dominant arteriopathy associated with subcortical infarcts 
and leukoencephalopathy (48). Although CHD or CLP caused 
by mutations in the NOTCH3 gene has not been reported to 
date, the role of the Notch signaling pathway in the growth and 
development of various systems is widely recognized (47). The 
COL3A1 gene mutation (c.G1472A, p.R491Q) was predicted 
to be ‘likely pathogenic’ and ‘pathogenic’ by PolyPhen‑2 and 
Mutation Taster, respectively, whereas the SIFT program 
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predicted this mutation to be of ‘uncertain significance’. 
This gene mutation may cause Ehlers‑Danlos syndrome and 
aortic aneurysm. According to review of the literature, it was 
noted that all of the mutation sites determined in the current 
study are novel mutation sites that have not been previously 
reported to the best of our knowledge. Samples obtained from 
the parents of certain patients were also examined by Sanger 
sequencing, however, these parents did not carry the identified 
genes mutations. The results should be further verified in an 
animal model, such as zebra fish or mouse.

When considering all forms of genetic sequencing tech-
nology, the advantages of targeted NGS are evident. Firstly, 
the amount of tedious and repetitive work for researchers is 
reduced, owing to the fact that this method can rapidly analyze 
large quantities of genetic information. NGS enables thousands 
of genes to be analyzed simultaneously, or a smaller subset 
of genes (a ‘mini‑genome’ or disease‑specific panel) to be 
examined in a single assay. However, the limitation of sample 
size and the possibility of leak detection of base point muta-
tion exist in SNP array technology. Secondly, targeted NGS 
not only allows focusing on specific genes associated with 
pathological expression, but can also improve the coverage 
and expressive quality of exons due to its efficient enrichment. 
Large‑scale parallel sequencing of a specifically selected 
part of the genome (for example, the exome or a specific set 
of genes relevant to a disease phenotype) leads to a higher 
sequencing coverage as compared with that of whole‑genome 
sequencing  (49). Furthermore, for a specific phenotype or 
disease, targeted sequencing has lower cost and is more rapid 
than whole exome sequencing, since this technology reduces 
the genetic discovery that may be irrelevant to the disease (49). 
In addition, targeted NGS may be more clinically useful in 
comparison with other sequencing techniques, owing to faster 
turnaround time (reduced sequencing volume and associated 
data analysis), higher and more reliable coverage, and the 
ability to avoid incidental findings. However, this method is 
associated with certain disadvantages including the limitation 
of requiring known virulence genes and its lack of suitability 
for a single sample.

Notably, the implementation of NGS in clinical practice 
has altered the way genetic counsellors and other clinicians 
approach genetic testing. Molecular diagnostics may now 
be performed at an early stage of disease, often enabling a 
broader set of therapeutic options and a lengthened window 
of opportunity to ameliorate disease progression (50). The 
identification of underlying genetic defects can also improve 
diagnosis of the disease prior to genetic counselling and enable 
prenatal testing.

In conclusion, using targeted NGS technology, the present 
study determined 10 individual mutations (58.8%) in candidate 
disease genes, which are possible causes of CHD and CLP in 
patients. The targeted NGS was demonstrated to be an effec-
tive and accurate method for providing a specific diagnosis of 
CHD and CLP, despite the presence of diverse phenotypes.
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