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Objective: Congenital central hypothyroidism (CCH) is a rare disorder poorly described in childhood and adolescence. The current
knowledge on the genetic bases of CCH is scarce. The purpose of this study was to analyze the clinical characteristics and molecular
genetic basis of CCH in children.

Methods: We conducted a thorough evaluation of the clinical features in children diagnosed with CCH. Genomic DNA was extracted
from peripheral blood of both children and their parents, and chromosomal microarray analysis and whole-exome sequencing were
performed. Candidates for single nucleotide variants were validated using Sanger sequencing and were classified according to the
American College of Medical Genetics and Genomics (ACMG) and the Association for Molecular Pathology (AMP) guidelines.
Results: Two cases with likely pathogenic variants were detected by whole-exome sequencing. Individual 1 carried a novel
homozygous ATP6V0A4 c.1418C>T (p.Ser473Phe) variant and a novel heterozygous POUIFI c.416G>A. (p.Argl39GIn) variant.
Individual 2 had a novel homozygous POUIFI ¢.212C>T (p.Ala71Val) variant. The chromosomal microarray detected the presence of
a 24 Mb heterozygous deletion (LOH: loss of heterozygosity) in the p12.1p13.13 region of chromosome 2 in individual 3, and the copy
number variant was unknown of clinical significance.

Conclusion: Our study employed chromosomal microarray and whole-exome sequencing to investigate central hypothyroidism in
seven children, leading to the detection of genetic anomalies in three individuals. The identification of novel variants has contributed to
the expanded genetic spectrum of POU1F1 and ATP6V0A4 associated with pediatric central hypothyroidism.
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Introduction

Central congenital hypothyroidism (CCH) is a rare disorder that is characterized by a defect in thyroid hormone secretion
in an otherwise normal thyroid gland due to insufficient stimulation by thyroid-stimulating hormone (TSH). Estimates of
CCH incidence range from about 1:16,000 to 1:80,000 in the general population.' CCH results from the abnormal
function of the pituitary gland, the hypothalamus, or both. The disease may occur in isolation, or more frequently in
combination with other pituitary hormone deficits.®’” The diagnosis of central hypothyroidism is based on low circulating
levels of free thyroxine (FT4) in the presence of low to normal TSH concentrations. As thyroid hormones are critical for
the development of the central nervous system, Individuals with CCH may result in developmental delay due to untreated
neonatal hypothyroidism.® The underlying molecular basis of CCH is poorly understood, although the genetic studies
have been reported in a few cases.” ' At present, genetic defects in only four genes (TSHB, TRHR, IGSF1 and the
TBLI1X) have been identified in patients with isolated CCH.'* Here, we investigate the genetic mechanisms in seven
patients with CCH by chromosomal microarray analysis (CMA) and whole-exome sequencing (WES).
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Materials and Methods

Individuals

A total of seven individuals were enrolled who were diagnosed with CCH in our pediatric clinics. This study complies
with the Declaration of Helsinki and was approved by the local Medical Ethics Committee of the Maternal and Child
Health Hospital of Guangxi Zhuang Autonomous Region. Written informed consent was obtained from the parents of the
Individuals.

CMA and WES Analysis and Validation

Peripheral venous blood samples were collected from the Individuals. Genomic DNA was extracted from peripheral
blood leukocytes using QIAamp DNA Blood Mini Kit (Qiagen, Germany) according to the manufacturer’s protocol.
Genomic profiling was performed using the illumina Human SNP cyto-12 array, which includes over 300 k single
nucleotide polymorphisms (SNPs) in the human genome. Exome capture was carried out using Roche NimbleGen
SeqCap EZ Exome Library SR platform according to the manufacturer’s protocols. Each captured library then was
loaded on illumina Hiseq2000 platform for sequence analysis. Chromosomal microarray analysis (CMA)'? and whole-
exome sequencing (WES)'* were performed to detect Copy number variations (CNVs) and Single Nucleotide Variants
(SNVs), respectively, as described in detail previously. Sanger sequencing was used to validate mutations identified by
WES. The American College of Medical Genetics and Genomics (ACMG) and the Association for Molecular Pathology

(AMP) guidelines were used for variant classification.'”

Results

Genetic Analysis

Individual 1 was detected with a homozygous ATP6V0A4 ¢.1418C>T variant, and parents were carriers of this variant
(Figure 1A). In addition, Individual 1 was also found with a de novo heterozygous POUIF1 c.416G>A (p. Arg139GIn)
variant (Figure 1B). Individual 2 was detected with a homozygous POUIF1 ¢.212C>T variant, resulting in the encoded
amino acid changed from alanine to proline, and parents were carriers of this variant (Figure 2).

Of these three variants, the two POUIF] variants (c.416G>A and ¢.212C>T) are classified as likely pathogenic
according to ACMG/AMP guidelines.'> The remaining ATP6V0A4 variant ¢.1418C>T was evaluated and classified as
variant of unknown significance (VUS) (Table 1).

Individual 3 was detected with a 24 Mb heterozygous deletion (LOH: loss of heterozygosity) in the p12.1p13.13
region of chromosome 2 (Figure 3), and the LOH arr3p12.2q12.2 (81,135,775-100,841,396) x2 was unknown of clinical
significance.

Clinical Presentations

The clinical features are summarized in Table 2. All Individuals were born at full-term in non-consanguineous families.
Individuals 3 was diagnosed with CCH at newborn screening, and the rest of them were diagnosed during regular visits
to a pediatric clinic. All seven Individuals showed normal size and location of thyroid gland. L-T4 replacement therapy
was started immediately after the diagnosis of CCH and the dose was adjusted according to the serum TSH, FT4 and FT3
levels. After temporary withdrawal of L-T4 therapy at approximately 3 years of age, Individual 1, Individual 3 and
Individual 6 were diagnosed with transient CCH, since measurements of TSH, FT4 and FT3 concentrations were normal,
following a temporary withdrawal of L-T4 therapy for 5 weeks. The other four Individuals with a low FT4 level were
diagnosed with permanent CCH.

Discussion

A total of 454,240 newborns were screened for CH at the duration from October 2014 to May 2017 at the Newborn
Screening Center of Guangxi, China, and seven Individuals (one by newborn screening and six in our pediatric clinic)
were diagnosed with CCH, with an incidence of 1:64,891. This incidence is similar to that of USA (1:65,000),16 but
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Figure | Sanger sequencing for validation of the variations detected by the next-generation sequencing platforms. (A) ATP6V0A4 c.1418C>T variant in family members of
Individual 1. (B) POUIFI c.416G>A (p. Argl39Gln) variant in family of Individual I.
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Figure 2 Sanger sequencing for validation of the variations detected by the next-generation sequencing platforms. POUIF[ ¢.212C>T variant in family members of Individual 2.
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Table | Evaluation and Classification of the Three Genetic Variants Detected by WES

Gene Variant (hgl9) Classification PS2 PMI PM2 PP3 PP4
De Novo (Both Located in Frequency | Multiple Lines of Individual’s
Maternity and Functional in Globe Computational Phenotype or
Paternity Domain Population Evidence Family History
Confirmed) in (and East Support is Highly
a Individual with Asian) a Deleterious Specific for
the Disease and Effect on the a Disease with
no Family History Gene or Gene a Single Genetic
Product Etiology
POUIFI NM_000306.4: LP No POU-specific 0 (0) Yes Yes
c212C>T(p. domain
Ala7Val)
POUIFI NM_000306.4: LP Yes POU-specific 0 (0) Yes No
c.338G>A(p. domain
Argl 13GIn)
ATP6VOA4 | ENST00000310018.2: VUs No NA 0 (0) Yes No
c.1418C>T(p.
Ser473Phe)

Notes: Classification and evidence system according to ACMG/AMP variants interpretation guidelines.'> PS2=De novo (both maternity and paternity confirmed) in a Individual
with the disease and no family history. PM|= Located in a mutational hot spot and/or critical and well-established functional domain (eg, active site of an enzyme) without benign
variation. PM2=Absent from controls (or at extremely low frequency if recessive) in Exome Sequencing Project, |000 Genomes, or Exome Aggregation Consortium. PM3=For
recessive disorders, detected in trans with a pathogenic variant. PP3=Multiple lines of computational evidence support a deleterious effect on the gene or gene product
(conservation, evolutionary, splicing impact, etc). PP4=Individual’s phenotype or family history is highly specific for a disease with a single genetic etiology.

Abbreviations: LP, likely pathogenic; VUS, Variants of Uncertain Significance; NA, not applicable.

lower than that of Netherlands (1:16,000) with a unique screening algorithm based on the combined measurement of
TSH, T4 and thyroxine-binding globulin (TBG).*

CCH is associated with either subnormal or inappropriately normal TSH levels, and therefore evades diagnosis in the
TSH-based newborn screening for congenital hypothyroidism (CH).'”'® Unfortunately, Individuals may present overt
clinical hypothyroidism in later neonatal period. Among the 7 Individuals, only Individual 3 was positive for TSH level
in newborn CH screening test. Individual 4, treated with fever and vomiting, was diagnosed with CCH by the thyroid
function test. The remaining five CCH Individuals all presented with significant developmental delay with or without
other symptoms. After diagnosis, all Individuals were treated with L-T4, the development of most Individuals was still
behind that of children at the same age. However, only Individual 3 and Individual 6 developed normally because of
timely diagnosis and treatment when they were very young.

The underlying molecular basis of CCH remains elusive, a minority of cases are associated with a known genetic
mechanism, and reveals mutations in genes controlling the TSH biosynthetic pathway (7SHB, TRHR, IGSF) in isolated
TSH deﬁciency,lo’lg*21 or early (HESX1, LHX3, LHX4, SOX3, OTX2) or late (PROPI, POUIF]) pituitary transcription
factors in combined hormone deficits.****

In this study, Individual 1 and Individual 2 were found to have variants in one or two CCH-associated genes, and the
other five cases remain elusive by WES. This suggests that other unidentified genetic or epigenetic factors may contribute
to the etiology of CCH. POUIFI mutations have been linked to recessive or dominantly inherited complex pituitary
hormone deficiency, as characterized by pituitary dysplasia, low hormones associated with pituitary secretion, low central
thyroid function, short stature, and facial dysmorphism. ATP6V0A4 mutations, on the other hand, lead to autosomal
recessive distal renal tubular acidosis, presenting with high chloride metabolic acidosis, hypokalemia, hypercalcemia,
hypocapnia, and urinary enrichment, repeated urinary stone formation, renal calcium deposition and bone demineraliza-
tion. The mutant phenotypes reported align with the clinical symptoms of Individual 1 and Individual 2 in our study.

The human POUIFI gene (OMIM 601538), located on chromosome 3p11 and consists of six exons encoding a protein
of 291 amino acids with three functional domains: an N-terminal transactivation domain, a POU-specific (POU-S) domain
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Figure 3 CMA testing result of Individual |. A 24 Mb heterozygous deletion (LOH: loss of heterozygosity) in the 2p12.1p13.13 region was detected.

(75 amino acids) and a POU-homeodomain (POU-H) (60 amino acids) connected by a 15-amino-acid flexible linker. The
POU-specific (POU-S) domain and the POU homeodomain (POU-H) are critical for the DNA-binding properties of
POUIF1. To date, more than 46 POU1F1 mutations in Individuals with combined pituitary hormone deficiency (CPHD)
have been described (HGMD; http://www.hgmd.cf.ac.uk), and majority occur within or directly affect the POU-domain

DNA-binding module. Both autosomal recessive (AR) and autosomal dominant (AD) modes of inheritance have been
described. The AR mode of inheritance appears to be more frequent. Milder phenotypes were found among Individuals with
heterozygous mutations than those with homozygous and compound heterozygous mutations. In our study, Individual 1
with POU1F1 heterozygous variant (p.Arg139GIn) was TCCH, while Individual 2 with homozygous variant (p.Ala71Val)
turned out to be PCCH.
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Table 2 Clinical Features, Laboratory results in Seven Individuals

Individual | Sex Age* Weight* Length* TSH* FT3* FT4* L-T4 (ng/kg/day) Thyroid Reason for Encounter Development/ Clinical
(Month) | (kg) Centile | (cm) Centile | (mlU/l) | (pmoll/l) (pmolil) Initial/Current Morphology Age (Year) Phenotype

[ Female 12 7.0 (under 65 (under 3rd) 6.96 3.06 11.03 2.4/- Normal Metabolic acidosis, Short stature /6.3 TCCH
3rd) developmental delay

2 Female 13 6.8 (under 64 (under 3rd) 2.14 1.79 3.49 4.2/1.5 Normal Short stature, growth delay, Short stature /4.10 PCCH
3rd) language retardation

3 Female 2day 3.65 (75rd- 50 (50rd- 7.04 2.47 10.16 4.6/- Normal TSH elevation on newborn Normal/10.10 TCCH
90rd) 75rd) screening

4 Female 16 7.2 (under 77 (25rd- 3.26 2.73 11.49 3.512.4 Normal Fever, vomiting Short stature /4.3 PCCH
3rd) 50rd)

5 Female 16 6 (under 3rd) | 66 (under 3rd) 3.1 5.33 7.07 2.8/2.1 Normal Growth delay, cleft palate Short stature /7.5 PCCH

6 Male 35 5.0 (under 60 (under 3rd) 3.56 43 7.71 3.3/1.2 Normal Growth delay Normal /6 TCCH
3rd)

7 Male 25 8.2 (under 69 (under 3rd) 3.93 5.07 11.89 3.0/4.1 Normal Growth delay Short stature /8.4 PCCH
3rd)

Notes: *Age, weight, length, TSH, FT3 and FT4 at diagnosis.
Abbreviations: PCCH, permanent congenital central hypothyroidism; TCCH, transient congenital central hypothyroidism.
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In summary, the incidence of CCH among newborns in Guangxi Zhuang Autonomous Region, China, was found to
be 1:64,891. Our study has shed light on the clinical characteristics and genetic basis of CCH in children, identifying
three novel variants that expand the mutational spectrum of POU1F1 and ATP6V0A4. Future function studies on these
novel variants will be essential to further elucidate their roles. Additionally, the involvement of other unidentified genetic
or epigenetic factors in the etiology of CCH warrants further investigation.
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