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Characteristics of Allan-
Herndon-Dudley Syndrome in
Chinese children: Identification
of two novel pathogenic variants
of the SLC16A2 gene

Qiang Zhang', Qi Yang', Xunzhao Zhou, Zailong Qin, Shang Yi
and Jingsi Luo®

The Maternal and Child Health Care Hospital of Guangxi Zhuang Autonomous Region, Guangxi Birth
Defects Prevention and Control Institute, Nanning, China

Objective: The aim of this study was to identify causative variants associated
with Allan-Herndon-Dudley syndrome (AHDS) in two unrelated Chinese
families, and to determine their potential pathogenicity. We also
summarized the core clinical symptoms of AHDS by reviewing the related
literature.

Methods: Genomic DNA was isolated from the peripheral blood of AHDS
patients and their family members. Whole exome sequencing (WES) was
performed on the proband from each family to identify the candidate
variants. Subsequently, Sanger sequencing was used to verify the identified
candidate variants and to assess co-segregation among the available family
members. In silico prediction combined with 3D protein modeling
was conducted to predict the functional effects of the variants on the
encoded protein.

Results: Two novel hemizygous variants of SLC16A2, c.1111_1112insGTCTTGT
(Gly375fs*6) and c.942delA (Val315fs*28), were detected in two patients. We
compared the clinical symptoms of the patients with all patients with AHDS
reported in China and those reported in the literature. While both our
patients presented symptoms mostly consistent with AHDS, Patient 1 had
no abnormal brain structure and thyroid function, and yet showed other
symptoms including lactic aciduria, conjunctival hyperemia, vomiting,
laryngeal stridor, low immunoglobulin and iron levels.

Conclusions: This study expands the mutation spectrum of AHDS and has
clinical value for variant-based prenatal and postnatal screening for this
condition. Doctors often have difficulty identifying AHDS by using clinical
symptoms. WES can help to identify specific disorder when diagnosis
cannot be made based on symptoms alone.
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Introduction

Allan-Herndon-Dudley = syndrome (AHDS) was first
reported by Allan in 1944 (1). In 2004, it was confirmed that
AHDS is caused by variants in the SLCI6A2 gene which is
located in the Xql3.2 region of chromosome
(chrX:73,641,328-73,753,751 GRCh37/hgl9) (2, 3). The
SLCI6A2 gene spans 112,424 bases, contains six exons and
five introns, and is translated into a protein consisting of 539
amino acids. Although the incidence of AHDS is currently
unknown, the number of reported cases in the literature so
far suggests that the syndrome is more common than we
previously thought.

AHDS is the result of loss of function of MCTS8, which is
the protein product of the SLCI6A2 gene. MCT8 is an integral
that
transporter. It facilitates the cellular importation of T2

membrane protein acts as a thyroid hormone
(diidothyronine), T3 (triiodothyronine), T4 (thyroxine) and
rT3 (reverse triiodothyronine), and it plays a critical role in
the development of the nervous system (4). MCT8 is also
thought to play a key role in the neuronal uptake of thyroid
hormone by T3 and endothelial cells allowing the hormone
to cross blood-brain barrier. MCT8 deficiency can result in
a decrease of T3 to nuclear T3 receptors. Therefore, the T3
reduction in brain cells may contribute to a severe
neurodevelopmental deficit in males with AHDS (5, 6).
Most pathogenic variants of AHDS result in either reduced
activity or complete inactivation of MCT8. However,
variants that result in incomplete inactivation of the protein
can lead to a milder phenotype (7). Here, we report two
novel frameshift variants of SLC16A2 which were revealed
by whole exome sequencing (WES) in two Chinese boys.
These findings will help to further expand the mutation
spectrum and provide potential novel clinical features
of AHDS.

Materials and methods
Next generation sequencing

Both patients were examined by using WES. Genomic DNA
samples were collected and sequence libraries were constructed
using the Agilent Sure Select Human Whole Exome V2 Kit
(Agilent Technologies, Santa Clara, CA). The prepared
libraries were sequenced wusing the HiSeq2500 System
(Mumina, San Diego, CA). Reads obtained from the BWA
software package (v. 0.7.15) were mapped with the human
reference genome (GRCh37/hgl9). Variant calling and variant
annotation were performed by using the Genome Analysis
Toolkit (GATK) and further
prioritization were performed by using the TGex software

variant annotation and

(LifeMap Sciences, Inc.v5.7).
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Sanger sequencing confirmation

A 2.5 ml of venous blood sample was taken from all the
family members and Sanger sequencing was performed to
confirm the presence of the variant. The following primers
designed by primer3 were used: 5 -TGCTGGGGGA
TAAGATCAAG-3’ and 5-GCCCACTCTGGTATTCCTCA-
3" for c942delA (Val315fs*28) and 5-CTCCTCTTTCT
CCTCCTGTT-3" and 5"-GCTCTCACAGAATCCTCACTCA-
3’ for ¢.1111_1112insGTCTTGT (Gly375fs*6).

Bioinformatic analysis and verification of
observations

The bioinformatics tools SIFT (http://sift.jcvi.org/), Mutation

Taster software  (http://www.mutationtaster.org/), Provean
(http://provean.jcvi.org/seq_submit.php), and NMDEscPredictor
(https://nmdprediction.shinyapps.io/nmdescpredictor/) were
used to predict the impact of the variants on protein function.
The protein 3D structures of SLC16A2 were generated by using
the Swiss-Model server (https://swissmodel.expasy.org/) and the
ACMG/AMP variant classification guidelines were used for

variant classification (8).

Results
Clinical data

Proband 1 was a boy admitted to our hospital at the age of one
month with no response to sound, lack of movements, poor facial
expression, unsteady gaze, hypertonia, laryngeal stridor, feeding
difficulties and neonatal pneumonia. The boy had a twin brother.
Both were born at 37 weeks of gestation to healthy, non-
consanguineous parents. He was a product of a breech birth with a
weight and length of 2.68 kg and 50 cm, respectively. No neonatal
asphyxia was observed during the delivery. The Apgar scores were
excellent (Apgar score: 10/10/10). This boy showed poor sucking
and had difficulty with swallowing. Meanwhile, he had frequent
respiratory infections as an infant. His mother suffered from
gestational diabetes and hypothyroidism during her pregnancy.

Physical examination of the patient’s length (52 cm), weight
(3.04 kg) and head circumference (33 cm) were collected. His
physical examination revealed malnutrition, apathy, slow
response, ankle clonus, muscle hyperirritability, neck muscle
weakness, conjunctival hyperemia and laryngeal stridor. His
hearing, vision and skeletal system were normal. A routine
ECG showed sinus tachycardia.

Ultrasonography of the liver, reproductive system and
kidneys were normal. Magnetic resonance imaging (MRI) and
neonatal echocardiography were also normal (Figures 1D,
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FIGURE 1
The clinical features of the probands with Allan-Herndon-Dudley Syndrome. (A,A-1) show the phenotypic characteristics of patient 1. fixed facial

expression and neck muscle weakness. (B—B-2) show the phenotypic characteristics of patient 2: fixed facial expression and muscle weakness. (C-C-
4) show the facial features and muscle weakness and special posture of patient 2's elder brother. (D—D3) show the cranial MRIs of patient 1 (normal).
(E-E3) are patient 2 cranial MRIs. (E,E-E3) represent T1IWI, T2WI, a high b-value DWI and ADC images, respectively. The results reveal a patchy long
T1and a long T2 signal shadow in the left mid-cerebellar peduncle, with a slightly high signal on high b-value DWI and a slightly low signal on ADC images.

D1-D3). He was treated for infection in hospital and discharged production and vomiting. He continued to present with
thereafter. At 5 months of age, the boy presented with failure to thrive and limb hypertonia with dull eyes, poor
worsening laryngeal stridor symptoms with sputum adaptability and gross motor development.
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The main findings biochemical and metabolic tests included
euthyroidism (T3: 3.15 nmol/L, normal range 1.23-4.22 nmol/
L, T4: 80.97 nmol/L, normal range 69.6-219 nmol/L, free T3:
6.71 pmol/L, 3.0-9.28 pmol/L, T4:
12.19 pmol/L, normal range 11.5-28.3 pmol/L, Thyrotropin
(TSH): 3.48 ulU/ml normal range 0.72-11 ulU/ml); elevated
white blood cell (12.80*10°/L, normal range 4.00-10.00*10°/
L), lymphocyte percentage (149.00%, normal range 20%-40%)

normal range free

and lactic acid (4.50 mmol/L, normal range 0.50-1.60 mmol/
L) and reduced iron level (9.00 umol/L, normal range 11-
30 umol/L). The total serum protein was 58.00 g/L (normal
range 60.00-80.00 g/L), albumin 42.30 g/L (normal range
35.00-55.00 g/L), immunoglobulin G 2.62 g/ (normal range
7.00-16.00 g/L), immunoglobulin A 0.18 g/L (normal range
0.70-3.30 g/L), and immunoglobulin M 0.38 g/L (normal
range 0.50-2.20 g/L). His twin brother had similar symptoms
and his elder sister had a normal phenotype.

Patient 2 was a boy who came to our hospital at 6 months of
age due to motor retardation. A physical examination revealed
his height (66.2 cm) and weight (8.2 kg) were normal. He had
neck muscle weakness, limb hypertonia, head retroflexion,
(39.5cm, <-2 SD), epilepsy,
hyperirritability and poor motor coordination. T2-weighted

microcephaly muscle
MRI imaging (T2WI) revealed a low signal intensity in the
left inferior and middle cerebellar peduncle that was not
obvious in the posterior limbs of the internal capsules
(Figures 1E,E1-E3). Thyroid function tests revealed abnormal
levels of T3 (5.78 nmol/L, normal range 1.32-4.07 nmol/L),
T4 (53.32 nmol/L, normal range 73-206 nmol/L), free T3
(15.72 nmol/L, normal range 3.3-8.95 nmol/L) and free T4
(6.73 nmol/L, normal range 11.9-25.6 nmol/L). His mother’s
thyroid function test results suggested a decrease in T4: 3.49
(normal range 5.00-13.00) pg/dl). The proband’s elder
brother had similar but more severe symptoms (Figures 1C,
C-1-C-4). He epilepsy,
profound intellectual disability and severe cerebral palsy. His

presented with microcephaly,

thyroid function was also abnormal (T3: 2.78 nmol/L, T4:
4.39 ug/dl, free T3: 9.23 pmol/L and free T4:12.02 pmol/L). A
brain CT scan at the age of 4 months reported no significant
abnormality (Figure 1 for characteristics of the patients).

Genetic testing

We identified a hemizygous variant c.942delA (Val315{s*28) of
SLCI16A2 (NM_006517.4, ChrX:73,744,559 in exon 3) in patient 1
and c1111_1112insGTCTTGT (Gly375fs*6) (NM_006517.4,
ChrX:73,745,669 in exon 4) in patient 2 by using WES.

Sanger sequencing revealed that the c.942delA
(Val315£s*28) and c.1111_1112ins GTCTTGT (Gly375fs*6)
variants were inherited from the mother of patients 1 and 2,
respectively (Figure 2). Four in silico tools were used to
predict the impact of the two novel variants (Figure 3B).
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Predictive software suggested that c.942delA (Val315fs*28)
and c.1111_1112insGTCTTGT (Gly375fs*6) were harmful
variants. The Swiss-Model software was used to predict the
three-dimensional structure of the wild-type (WT) and variant
of the SLCI6A2 proteins. By comparison, it was clear that
variants had altered the protein length and overall shape of
the SLCI16A2 protein. Variants can cause a frameshift which
results in premature truncation of the protein that is likely to
cause major changes in protein activity. The protein products
are usually more unstable and are easily degraded. This is
demonstrated diagrammatically in Figures 3A,A-1,A-2. Thus,
both variants can be classified as pathogenic with supporting
PVS1 + PM2-supporting + PP4 + PP1.
According to the Orphanet (www.orphadata.org), at least 132
families with 320 affected individuals had been reported
worldwide. We searched the databases (OMIM, Wanfang,
CNKI and PubMed) for reported Chinese AHDS patients. To
date only 9 families with AHDS have been reported in China.

evidence such as

An extensive literature review was conducted (Table 1).

Discussion

AHDS is a disorder of brain development that leads to
moderate to severe intellectual disability and problems with
movement. The SLC16A2 gene is the only known causal gene.
The gene is widely expressed in tissues and it may play a key
role in the development of the central nervous system (9, 10).
In males, loss-of-function variants in this gene are associated
with psychomotor retardation, but in females there is no
neurological deficit, and the thyroid-deficiency phenotype is
mild (11). Pathogenic variants in SLCI6A2 have been found
in diverse populations around the world (12-14).

Two novel variants are described in this study,
c1111_1112insGTCTTGT  (Gly375fs*6) and  c.942delA
(Val315£s*28). In addition, we summarized all the reported
mutants that cause AHDS syndrome in Chinese patients
(Figure 4). The variants reported in this study are all
frameshift variants. Both resulted in premature stop codons
that could act as nonsense-mediated mRNA decay (PVSI).
Furthermore, neither were found to be present in controls, the
1,000 Genome Project and the Exome Sequencing Project
(PM2-supporting). Rare SNPs have very broad and deleterious
effects on phenotypes when compared to the weak effects of
common SNPs (15). The clinical presentation of all the
affected individuals in these families are consistent with the
symptoms of AHDS (PP4), and the genotype co-segregated
with the phenotype in at least one family tested (PP1). Thus
both novel variants can be classified as pathogenic.

The clinical presentations of AHDS includes neurologic
findings, pyramidal and extrapyramidal findings, seizures and
dysthyroidism (16, 17). There are considerable inter- and
intra-familial differences in phenotypes. In severe cases, the
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c.942delA(Val315f5*28) A
Refsaq AGCTCAGGAAGTACTTCAACATGCCAGBTGTTCCGCCAACGCACTTACCGCATCT
AGCTCAGGAAGTACTTCAACATGCEBABTGTTCCGCCAACGCACTTACCGCATC -
Family 1
-1 mhummumlm.l.xs.udmuuulnmmm. -
|laAGIT clglec ar@lT AT TTlaacETc@éabTeTTCcCcGCCAACGCACTTACCGCATC I
o 2
2 AW A A WAl
AGCTCAGGAAGTACTTCAACATGCHBABTGTTCCGCCAACGCACTTACCGCATCT
-1 VAAAVAMARN Vi Y WAV WV
AGCTCAGGAAGTACTTCAACATGCH- B TGTTCCGCCAACGCACTTACCGCATCT I[ O
| A
-2 L““.“hﬂ““ﬂ““h“ h MV WA WY 1 2 3
AGCTCAGGAAGTACTTCAACATGC TGTTCCGCCAACGCACTTACCGCATC1
T T L
¢.1111_1112insGTCTTGT/
“rl p.Gly375fs*6, reverse sequence B
Refseq ABTCACTGATGTBGCCTBACACAAGAC BCCCAABBCCTGAGGTAGCCCCAATACACACCA
AGTCACTGATGTGGCCTGACACAAGAC BCCCAAGGCCTOBAGGTAGCCCCAATACACACCA
Family 2
-1
AGTCACTGATGTGGCCTGACACAAGAC BcccaAblsceTeacoTATEccBTATACKcACCA [ .
1| g 3 2
-2 '.mJ.hh.\ld,\p‘.u}hln‘t“n‘
ABTCACTGATBTGGCCTGACACAAGACACAAGACHCCCAABBCCTBAGGTAGCCCCAATACACACCA
-1 ﬂh.ulmM.mhhm thlmhthmulhlhhmhluh I
AGTCACTGATGTGECCTGACACAAGACACAAGAGH CCCAAGGCCTGAGBTAGCCCCAATACACACCA
1 & 2
-2 hmmlm11.Almlhmhmhhd
FIGURE 2
(A) represents the sequencing results of c.942delA(Val315fs*28) and (B) is the sequencing results of ¢.1111_1112insGTCTTGT (Gly375fs*6). In family 1,
I-1, 1-2, 1I-1, 1I-2 and II-3 represent the father, mother, elder sister, elder brother and the proband, respectively. In family 2, 1-1, -2, II-1 and II-2
represent the father, mother, elder brother and the proband, respectively. In the pedigree, the filled and open symbols represent the affected and
unaffected individuals, respectively; A dot inside a circle represents the carriers; The squares and circles represent the males and females,
respectively; The arrows indicate the probands.

patient will be unable to walk or speak. Our two patients
exhibited many of these clinical features, including hypotonia,
feeding difficulties, dystonia and choreoathetosis. We have
compiled the clinical phenotypes, laboratory tests results and
molecular characteristics of the 9 cases previously reported in
China (Table 1) (18-22).
characteristics of Chinese patients with those reported in the

We compared the clinical

literature and found that the most common clinical
manifestations are psychomotor retardation (Chinese cohort:
literature, 100:100%), motor delay (Chinese cohort: literature,
100:100%) muscular hypotonia (Chinese cohort: literature,
100:74%-100%) and muscle hyperirritability (Chinese cohort:
literature, 100:70.8%-94%). The above symptoms are the core

clinical symptoms of AHDS syndrome. Other symptoms
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include low weight (Chinese cohort: literature, 80.0:37-66.6%),
microcephaly (Chinese cohort: literature, 100:10-33.3%). sinus
tachycardia (Chinese cohort: literature, 100.0:1.4), abnormal
thyroid function (Chinese cohort: literature, 90.91:27.9-66.6%)
and abnormal brain MRIs (Chinese cohort: literature,
72.73:33.1-79.1%). Although reported in several patients
(Table 1, P2-3), delayed myelination is not a consistent
feature necessarily associated with neurological symptoms
of AHDS.

We should also consider the possibility of AHDS in males
having typical thyroid and neurological symptoms. Phenotypic
severity is generally thought to be related to the residual
transport function of the MCTS8 protein. Some pathogenic
missense variants and in-frame SNP deletions are associated
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Mutation
Mutation Tasting NMDEscPredictor SIFT PROVEAN
¢.942delA / p.Val315fs deleterious  Causes Nonsense Mediated Decay (NMD)  damaging  Deleterious
¢.1111_ 1112insGTCTTGT / p.Gly375fs+6  deleterious  Causes Nonsense Mediated Decay (NMD) - damaging  Deleterious
FIGURE 3

The three-dimensional structure modeling predicts a decrease in protein length with (A) as the wild-type and (A-1) and (A-2) as the mutant-types
(A-1: p. Val315fs*28; A2: p. Gly375fs*6), respectively. (B) The effects of these variants were predicted using four different software packages.

with milder clinical phenotypes (6). Some patients die early on symptoms, including lacticaciduria, hyperkalemia,
from recurrent infections and/or aspiration pneumonia (23). conjunctival  hyperemia and laryngeal stridor. Low
Currently, only one case of a female patient has been immunoglobulin and iron levels and vomiting are also
reported, the rest being males. Most heterozygous women potential novel clinical features of the disease. These
have no neurological symptoms, but thyroid function tests symptoms may be related to the novel variants, or they
may be mildly abnormal, possibly due to altered X may be non-specific. Due to the young age of the patients
chromosome inactivation (24). in this study, some neurological symptoms may yet
In this study, the percentage of abnormal maternal thyroid manifest themselves. The lacticaciduria and low
function was only 37.50%. Some researchers believe that a immunoglobulin levels seen may be associated with
thyroid hormone level with a free T3/T4 ratio above 0.75 is infection and malnutrition, but this will need to be
helpful in diagnosing patients. However, in this study, only confirmed by further studies involving more cases.
67% (6/9) of patients fulfilled this condition (24). It can be Unfortunately, due financial difficulties, the family was
seen that the method has limited diagnostic value in detecting unwilling to be proceed with further tests and
AHDS. By itself, it is not sufficient as a diagnostic indicator examinations. However, we will continue to follow-up these
but it can guide the molecular diagnosis. All variants reported families in an effort to further improve the relevant data
in China have been assessed as pathogenic or likely regarding AHDS.
pathogenic variants according to the ACMG guidelines. The heterogeneous manifestations of AHDS make it
Among these, the variants were mainly inherited from the difficult for clinicians to diagnose the disease based on the
mother, and the de novo rate is 27.27%. clinical presentation alone. Other disorders with X-linked or
At present, there is no report of incomplete penetrance of autosomal recessive inheritance patterns such as MECP2
AHDS, but there was heterogeneity in presentation of clinical duplication syndrome, X-linked progressive cerebellar ataxia,
severity. However, mutations in the SLCI6A2 gene can lead Pelizaeus-Merzbacher disease and non-goitrous congenital
to differences in MTC8 transport function and thus hypothyroidism 6 could exhibit overlapping features. These
differences in neurological symptoms in the patients (7, 25). include hypotonia, progressive spasticity, absent speech,
Our patients presented with similar facial features, such as hypomyelination, abnormal thyroid hormones and severe
a long face, thick and tented upper lip, open mouth, of intellectual disability and they are all candidates for
which these may have been due to prenatal and infantile differential diagnosis.
hypotonia. In addition, the patients in this study also AHDS is a rare disorder of brain development. The
exhibited some heterogeneous clinical presentation clinical presentation of abnormal relative concentrations of three
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Missense: A
Frameshift: @

Splicing mutation: 4
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FIGURE 4
The SLC16A2 pathogenic variants that were reported in China. This is the first report of c.942delA and ¢.1111_1112insGTCTTGT frame-shift variants in
this gene.
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