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ABSTRACT

Background: Congenital hypothyroidism (CH) is the most common neonatal endocrine disorder. Although most
patients present with isolated CH, some patients present with CH and extra-thyroidal congenital malformations
(ECMs), for which less is known about the underlying genetics. The aim of this study was to investigate the
genetic mechanisms in patients with CH and ECMs using chromosomal microarray (CMA) and whole exome
sequencing (WES).

Methods: Peripheral venous blood samples were collected from 16 patients with CH and ECMs. Genomic DNA
was extracted from peripheral blood leukocytes. CMA and WES were performed to detect copy number and
single nucleotide variants.

Results: CMA identified clinically significant copy number variants in 7 patients consistent with their pheno-
types. For 6 of them, the genotype and phenotype suggested a syndromic diagnosis, and the remaining patient
carried a pathogenic microdeletion and microduplication including GLIS3. WES analysis identified 9 different
variants in 7 additional patients. The variants included 2 known mutations (c.1096C > T (p.Arg366Trp) in
KCNQ1 and ¢.848C > A (p.Pro283GlIn) in NKX2-5) and 7 novel variants: one nonsense mutation (c.4330C > T
(p.Argl444*) in ASXL3), one frameshift mutation (c.1253_1259delACTCTGG (p.Asp418fs) in TG), three mis-
sense variants (c.1472C > T (p.Thr491lle) in TG, c.4604A > G (p.Aspl535Gly) in TG, and ¢.2139G > T
(p.Glu713Asp) in DUOX2, and two splice site variants (c.944-1G > C and ¢.3693 + 1G > T) in DUOX2.
Conclusions: We report the first genetic study of CH patients with ECMs using CMA and WES. Overall, our
detection rate for pathogenic and possibly pathogenic variants was 87.5% (14/16). We report 7 novel variants,
expanding the mutational spectrum of TG, DUOX2, and ASXL3.

1. Introduction

(1:1694) compared to worldwide levels, with 911 and 731 of 1,238,340
infants in the newborn screening program subsequently diagnosed with

Congenital hypothyroidism (CH) is the most common neonatal en- hyperthyrotropinemia (elevated TSH) and CH, respectively [3]. Sixty

docrine disorder in infancy, with prevalence

ranging from 1:2000 to six of the 731 patients with CH were sequenced to detect CH-associated

1:4000 newborns [1,2]. Previously, we have found that CH is slightly genes by CH capture panel, and 32 of them (48.5%) had at least one
more prevalent in Guangxi Zhuang Autonomous Region of China potential pathogenic variant [1].
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Multiple genes, including FOXE1, GLIS3, NKX2.1, NKX2.5, PAXS,
SLC26A4, and TSHR have been associated with CH. The majority of
these genes have been associated with isolated CH, and there have only
been a few reports of genes associated with CH and extra-thyroidal
congenital malformations (ECMs) [4-6]. For example, SLC26A4 muta-
tions can lead to CH with deafness [7] and GLIS3 mutations can lead to
a multi-system phenotype including CH and neonatal diabetes [8-11].

Recent studies have reported on the increased occurrence of ECMs
in CH patients. Kumar et al. found a high percentage of additional
congenital malformations (27% of 1538 patients with CH in their study
population). Congenital renal and urological anomalies account for the
most, followed by cardiac, gastrointestinal, and skeletal in the patients
with CH [12]. In Iran, 32 of 100 permanent CH had urogenital ab-
normalities [13]. Kreisner et al. detected malformations in 10 of 76
(13.2%) patients with permanent CH, predominantly cardiac defects,
but cleft palate and lip and bifid spine were also found [14]. However,
there is no study specifically examining the genetic causes of CH pa-
tients with ECMs using CMA and WES. Given the rarity of this condition
that the genotype-phenotype relationship has not yet been fully estab-
lished, little is known about its genetic mechanisms and prevalence
among Chinese CH patients with ECMs. Here, we investigate the genetic
mechanisms in 16 patients with CH and ECMs by CMA and WES.

2. Methods
2.1. Patients

We enrolled 16 patients with CH and ECMs in this study. The pa-
tients were identified by newborn screening in the Maternal and Child
Health Hospital of Guangxi Zhuang Autonomous Region. The methods
of newborn screening for CH have been described in detail previously
[1,2]. The study was approved by the local Medical Ethics Committee.
Informed consent was obtained from the parents of the patients.

2.2. CMA and WES analysis and validation

Peripheral venous blood samples were collected from the patients.
Genomic DNA was extracted from peripheral blood leukocytes using
QIAamp DNA Blood Mini Kit (Qiagen, Germany) according to the
manufacturer's protocol. CMA [15] and WES [16] were performed to
detect copy number variations (CNVs) and single nucleotide variations
(SNVs), respectively, as described in detail previously. Sanger sequen-
cing was used to validate mutations identified from WES.
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3. Results
3.1. Chromosome microarray analysis

CMA identified clinically significant CNVs in seven patients, which
were consistent with the clinical phenotypes (Fig. 1 and Table 1). For
six of these patients, the genotype and phenotype suggested a syn-
dromic diagnosis that can lead to CH and ECMs, including Williams-
Beuren syndrome (Fig. 1A), 2q37.3 deletion syndrome (Fig. 1B-C),
Down syndrome (Fig. 1D), Warkany syndrome (Fig. 1G), 18p11.3 de-
letion syndrome (Fig. 1H-I), and Prader-Willi/Angleman syndrome
(Fig. 1J). The remaining patient, Patient 4, carries a chromosomal
7p22.3~p21.3 duplication (Fig. 1E) and 9p24.3~p23 deletion
(Fig. 1F), and the deletion region include GLIS3 and other disease-
causing genes, leading to the multisystem phenotype including CH.

3.2. Whole exome sequencing analysis

WES analysis identified nine variants in seven additional patients,
their phenotypic presentations and genetic variants are described in
Tables 2 and 3. All variants were confirmed by Sanger sequencing (Fig.
S1). The variants included two known mutations, ¢.1096C > T
(p.Arg366Trp) (HGMD CM981130) in KCNQI and ¢.848C > A
(p.Pro283Gln) (HGMD CM108634) in NKX2.5. In addition, we report 7
novel variants: one nonsense mutation ¢.4330C > T (p.Argl444*) in
ASXL3, one frame shift mutation ¢.1253_.1259delACTCTGG
(p.Asp418fs) in TG, three missense variants ¢.1472C > T (p.Thr4911Ile)
and c¢.4604A > G (p.Aspl535Gly) in TG and ¢.2139G>T
(p.Glu713Asp) in DUOX2, and two splice site variants ¢.944-1G > C
and ¢.3693 + 1G > T in DUOX2.

Of these nine variants, the two truncating variants ¢.4330C > T
(p.Argl444*) in ASXL3 and c.1253_1259delACTCTGG (p.Asp418fs) in
TG, and the two splice site variants ¢.944-1G > C and ¢.3693 + 1G > T
in DUOX2 are classified as pathogenic or likely pathogenic according to
ACMG/AMP guidelines [17]. The remaining five variants were eval-
uated and classified as variant of unknown significance (VUS) as they
currently lack sufficient evidence to support pathogenicity according to
ACMG/AMP guidelines. Of the nine variants, seven variants in mutant
genes (TG, DUOX2, and NKX2-5) are associated with CH. For the re-
maining two variants, one in gene ASXL3 and the other one in KCNQ1 is
associated with Bainbridge-Ropers syndrome and Long QT syndrome,
respectively. Among these seven patients, the candidate variants were
confirmed or partially confirmed to their clinical phenotypes.
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Fig. 1. CMA testing results for CH patients with ECMs and detected pathogenic CNVs. The subpanels show CNVs detected in (A) Patient 1, (B-C) Patient 2, (D)

Patient 3, (E-F) Patient 4, (G) Patient 5, (H-I) Patient 6, and (J) Patient 7.

104



C. Fu et al.

Table 1

Clinical and genetic information for 7 CH patients with ECMs and pathogenic CNVs.

Comorbidities associated with syndrome/causative genes

Syndrome/causative genes

Detected CNVs

Age Phenotypes

ID# Sex

Williams-Beuren Syndrome  CH, developmental delay, special face, umbilical hernia, growth

arr 7q11.23(72350815-74282048)x1

CH, low set ears, left hand with simian line, narrow jaw,
developmental delay

3 mo

retardation, congenital heart disease, sensorineural deafness, skeletal

deformities

CH, distinctive facies, congenital heart disease, obesity, round face,

2q37.3 Deletion Syndrome

arr 2q37.3(240777836-243029573)x1,

CH, developmental & growth delay, poor response, gold

3 mo

intellectual disability, a specific cognitive profile, unique personality

characteristics, growth abnormalities, behavioral problems

21922.11q22.3(32250952-48098824)x3

fish eye, hand with simian line, congenital heart disease,

micrognathia

CH, congenital heart disease, short stature, obesity, round face,

intellectual disability

Down syndrome

arr (21)x3

CH, atrial septal defect, growth delay

NA NA

3

CH, global developmental delay, abnormal facial shape, seizures,

GLIS3

arr 7p22.3 p21.3 (46239-8846057)x3; arr

9p24.3p23 (46587-13267800)x1

CH, mental retardation, language development delay, flat
nose bridge, round nose, low ear position, low hairline,

short neck, double toe

9yr

intellectual disability, and/or other significant developmental or

morphological phenotypes

CH, facial dysmorphism, developmental delay

Warkany syndrome

arr (8)x2~3

CH, growth delay, difficult to stand, microcephaly,

language development delay

14 mo

M

CH, congenital heart defects, muscular hypotonia, cleft palate,

18p11.3 deletion syndrome

arr 18p11.32p11.31(12842-3067278)x1; arr

18q21.33q23(60027171-78014582)x1

CH, right clubfoot varus, atrial septal defect

4 mo

scoliosis, intellectual disability, microcephaly, developmental delay

and/or other significant developmental or morphological phenotypes
CH, muscular hypotonia, cleft palate, intellectual disability,
microcephaly, developmental delay and/or other significant

developmental or morphological phenotypes

Prader-Willi syndrome

arr 15q11.2q13.1(23683783-28530182)x1

CH, mental retardation, short stature, hypophysis

dysplasia, hypotonia

7yr

(PWS)/Angleman Syndrome

(AS)

CH: congenital hypothyroidism; ECMs: extra-thyroidal congenital malformations; CNVs: copy number variations; M: male; F: female; mo: months; yr: years.
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3.3. CMA and WES negative cases

Two patients with CH and ECMs had negative results from both
CMA and WES. The first patient presented with short stature, in-
tellectual disability, and autism spectrum disorder; and the second
patient presented with short stature, pectus carinatum, and develop-
ment delay, especially for motor milestones.

4. Discussion

The majority of CH studies have focused on isolated CH, and thus
the etiology of CH with ECMs remains to be fully elucidated. CH with
ECMs may be caused by multiple mechanisms: 1) syndromes leading to
CH and multi-system phenotypes, such as Down syndrome and
Williams-Beuren Syndrome [18,19]; 2) single gene mutations, such as
mutations in GLIS3 and SLC26A4 [7,10,11]; 3) multiple gene mutations
(including CH-associated genes) [20]; and 4) non-genetic factors, such
as iodine deficiency, drugs, and maternal influences during pregnancy
(smoking, alcohol consumption, drug abuse, or other factors) [21]. To
the best of our knowledge, this is the first study to investigate the ge-
netic mechanisms in CH patients with ECMs using CMA and WES. In our
cohort of 16 CH patients with ECMs, we detected pathogenic or likely
pathogenic variants in 87.5% (14/16) of patients, specifically patho-
genic CNVs in seven patients (7/16, 43.8%), and pathogenic or likely
pathogenic SNVs in another seven patients (7/16, 43.8%). Thus, we
demonstrate that CMA and WES together provide an excellent genetic
detection rate for CH patients with ECMs. For the two patients with
negative results from CMA and WES, the underlying cause may be ge-
netic factors not able to be detected by CMA or WES, such as intronic
mutations or partial gene deletions, or non-genetic factors.

Of the seven CH patients with ECMs and detected pathogenic CNVs,
six patients were diagnosed with specific syndromes, which are known
to be associated with CH. However, the mechanisms leading to specific
syndromes in these CH patients remain unknown. Delayed maturation
of the hypothalamic—pituitary-thyroid axis has been proposed as the
cause of thyroid dysfunction in patients with Williams-Beuren
Syndrome [22]. A similar pathogenetic mechanism has been proposed
for thyroid disorders observed in patients with Down syndrome [18].
Another study suggests that there is a link between oxidative stress and
thyroid dysfunction in Down syndrome [23]. In summary, further stu-
dies are required to find the potential link between thyroid disorders
and pathogenetic mechanism in syndromes.

It should be noted that some newborns with syndromes show signs
and symptoms which can simulate CH. For example, Patient 3 pre-
sented with an atrial septal defect and failure to thrive, and Patient 7
presented with pituitarydysplasia, short stature, intellectual disability,
and hypotonia. Both patients presented with signs and symptoms that
can simulate CH and using CMA were diagnosed with Down syndrome
and Prader-Willi syndrome, respectively. Thus, pediatricians should be
aware that a patient found to have CH with ECMs who does not im-
prove with adequate thyroid replacement therapy needs to be further
investigated, including with genetic testing, for an additional diagnosis.

Of the seven CH patients with ECMs and detected possibly patho-
genic variants, patient 14 presented with growth retardation, micro-
gnathia, and congenital heart disease (atrial and ventricular septal de-
fects), and carried a known heterozygous mutation, ¢.1096C > T
(p.Arg366Trp), in KCNQI. Gain-of-function mutations in KCNQ1 have
been reported to lead to short QT syndrome (SQTS) and lethal ar-
rhythmias with autosomal dominant inheritance [24,25]. The KCNQ1 a
subunit and the KCNE2  subunit form a potassium channel in thyroid
epithelial cells. Interestingly, genetic disruption of KCNQ1-KCNE2
causes hypothyroidism in mice, resulting in cardiac hypertrophy,
dwarfism, alopecia, and prenatal mortality [26]. In addition, Patient 8
presented with global developmental delay and hypotonia, and carries
a heterozygous mutation, ¢.4330C > T (p.Argl444*) in ASXL3 as well
as a heterozygous mutation, c.4604A > G (p.Aspl535Gly) in TG.
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Mutations in ASXL3 have been identified in individuals with Bain-
bridge-Ropers Syndrome (BRS), characterized by failure to thrive,
global developmental delay, feeding problems, hypotonia, dysmorphic
features, profound speech delays and intellectual disability [27-29]. To
date, 30 patients have been reported and de novo heterozygous trun-
cating mutations have emerged as the cause of BRS [30]. The ASXL3
mutation carried by Patient 8 was inherited from the father with a
normal phenotype, suggesting incomplete penetrance.

In conclusion, it is important to note that CH can present with other
congenital malformations. Recently, evidence of a genetic link between
the incidence of CH and other congenital malformations has been
proposed [31]. Based on this evidence, mutations in the genes PAX8
(paired box 8), FOXE1 (forkhead box E1), TTF1 (thyroid transcription
factor 1), TTF2 (thyroid transcription factor 2) and TSHR (thyroid-sti-
mulating hormone receptor) may be associated with thyroid dysplasia
and malformations involving the kidneys, lung, forebrain, and palate, in
addition to leading to abnormal thyroid follicular cell development
[31-33]. Future studies are needed to investigate the full contribution
of genetic mutations, copy number variants and environmental factors
to CH with ECMs.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cca.2018.11.035.
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