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Abstract
Objective : The prevalence of genetic mutations in congenital hypothyroidism (CH) remains 
undetermined.　The objective of this study was to determine the prevalence of mutations in 
DUOX2, TSHR, TG, PAX8, and TPO among severe permanent primary CH.
Methods : Between April 1999 and March 2011, 114,733 newborns were screened for CH in 
Akita Prefecture, Japan.　Among them, 330 were suspected of having CH and were referred to 
pediatricians.　We recruited 40 patients who were referred to our institute.　Among them, we 
identified 9 permanent primary CH patients who were severely affected with an initial TSH ≥20 
mU/l upon newborn screening and performed direct sequencing of the 5 candidate genes.
Results : 3 of 9 patients (33%) had mutations in PAX8, TPO, and TSHR.　Among the severely 
affected subjects, 60% had thyroid dysgenesis (TD), while for patients with initial TSH upon 
screening <20 mU/l only 12% had TD.
Conclusions : Despite the high frequency of TD, the detection rate of mutations among severe 
permanent primary CH was higher than expected.　This study suggests that the genetic analysis 
of 5 genes, namely, DUOX2, TSHR, TG, PAX8, and TPO, is useful for the diagnosis of CH, and 
that the actual prevalence of genetic mutations among CH might be higher than as previously 
estimated.
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cent evidence points to the possibility of a genetic com-

ponent1).　One study reported that 2% of CH patients 

with TD have a positive familial history3).　In contrast, 

DH is generally transmitted in an autosomal recessive 

manner.　Hereditary defects in virtually all of the steps 

of thyroid hormone biosynthesis and secretion have been 

described1).

　The prevalence of single genetic mutations in CH re-

mains undetermined.　Previous molecular genetic stud-

ies have shown that a subset of TD is caused by at least 4 

genetic mutations, including TSHR4-6), PAX87), NKX2-18), 

and FOXE19).　Similarly, at least 7 genes have been im-

plicated in DH, including TG10), TPO11), SLC5A512), SL-

C26A413), DUOX214), DUOXA215), and IYD16).　A previous 

review estimated the prevalence of single genetic muta-

tions in CH to be 5-10%17).　However, only a few genetic 

Introduction

　Congenital hypothyroidism (CH) is a highly heteroge-

neous disorder.　CH is classified into permanent and 

transient CH, which in turn is divided into primary, sec-

ondary, or peripheral CH.　Most cases of CH are due to 

primary causes1).　Thyroid dysgenesis (TD) accounts for 

75-85% of permanent primary CH, while thyroid dyshor-

monogenesis (DH) accounts for 15-20% of cases2).　TD 

is generally thought to be a nongenetic disease, but re-
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screening studies of CH patients have been conducted18,19) 

and the actual prevalence of most genetic mutations 

among all CH patients or in the general population has 

not been investigated.

　Recently, Japanese studies have confirmed that more 

than 20% of permanent primary CH patients have single 

genetic mutations as determined systematic genetic 

screening20-22).　These studies have reported the preva-

lence of different genetic mutations among 102 CH 

patients : in descending order of frequency, they occur in 

DUOX2, TSHR, TG, PAX8, and TPO.

　In this study, we examined the prevalence of genetic 

mutations in DUOX2, TSHR, TG, PAX8, and TPO among 

severe permanent primary CH patients with an initial 

TSH ≥20 mU/l upon newborn screening in our institute.

Materials and Methods

Subjects

　Between April 1999 and March 2011, 114,733 new-

borns were screened for CH in Akita Prefecture, which is 

a northern area of Japan (Fig. 1).　Among them, 330 with 

TSH upon screening (whole blood) ≥10 mU/l (April 1999 

to July 2004) or ≥9 mU/l (August 2004 to March 2011) 

were suspected of having CH and were referred to 

pediatricians.　We recruited 40 patients who were re-

ferred to the Department of Pediatrics, Akita University 

Hospital.　Of them, 13 were excluded because they had 

transient CH, chromosomal abnormalities, and showed 

movement to other regions.　The remaining 27 patients 

were diagnosed with or suspected of having permanent 

primary CH and were enrolled in this study.　Moreover, 

the participants were classified into 2 groups according to 

the severity of their disease : 10 patients had initial TSH 

upon screening ≥20 mU/l (i.e., referred immediately) and 

17 patients had initial TSH upon screening <20 mU/l 

(i.e., referred after re-examination).

　We selected the 10 severely affected CH patients with 

initial TSH upon screening ≥20 mU/l for genetic 

analysis.　Written informed consent to participate in the 

Fig. 1.　Study subject enrollment.　In total, 114,733 newborns were screened for CH in Akita Prefecture between 
April 1999 and March 2011.　Three hundred thirty newborns with TSH upon screening (whole blood) ≥10 mU/l 
(April 1999 to July 2004) or ≥9 mU/l (August 2004 to March 2011) were referred to pediatricians.　Among them, 
40 were referred to our institute.　Of these patients, 27 were diagnosed with or suspected of having permanent 
primary CH and were enrolled in this study.　Moreover, according to the severity of their disease, the participants 
were classified into 2 groups : 10 patients with initial TSH upon screening ≥20 mU/l (i.e., referred immediately) 
and 17 patients with initial TSH upon screening <20 mU/l (i.e., referred after re-examination).

114,733  newborns screened in Akita Prefecture 1999−2011 

13  Not eligible 
    8  Transient CH 
    3  Down syndrome 
    1  Noonan syndrome 
    2  Moving to other regions 
       (including one with Down syndrome) 

27  eligible 

10  referred immediately 
    (initial TSH at screening ≥20 mU/l) 

17  referred after re-examination 
    (initial TSH at screening <20 mU/l)  

40  visited Akita University Hospital 

330  referred to pediatricians (TSH at screening ≥9 or 10 mU/l) 

Fig. 1 

Akita University



― 73―― 72―

秋　田　医　学 (27)

study was obtained from the patients or their parents.　
This study was approved by the ethical committee of the 

Akita University Graduate School of Medicine.

Evaluation of patients

　During the first visit to our institute, the patients were 

evaluated for serum levels of TSH, free triiodothyronine 

(FT3), free thyroxine (FT4), and if possible, thyro-

globulin.　Thyroid morphology was evaluated by using 

ultrasonography on all of the patients.　For those pa-

tients that were 3-6 years of age, their thyroid function 

was reevaluated after discontinuation of treatment to dis-

tinguish between permanent and transient CH.　The pa-

tients were evaluated for serum levels of TSH, FT3, 

FT4, and thyroglobulin.　Thyroid morphology was evalu-

ated using both ultrasonography and 123I scintigraphy.　
The patients who had serum TSH at reevaluation ≥5 

mU/l or who had TD were diagnosed with permanent pri-

mary CH.

　If 123I uptake was increased (≥20%), a perchlorate dis-

charge test was performed.　A perchlorate discharge 

rate >90% indicates the presence of a total iodine organi-

fication defect, whereas a rate of 10-90% indicates the 

presence of a partial iodine organification defect.

Candidate genes

　The patients who were diagnosed with or suspected of 

having permanent primary CH were divided into 3 

subgroups : TD (i.e., hypoplasia, aplasia, or ectopia), DH 

(i.e., iodine organification defect, thyroglobulin synthesis 

defect, or others), and normal thyroid morphology.　
TSHR and PAX8 were sequenced for the TD or normal 

thyroid morphology patients.　TPO and DUOX2 were 

sequenced for DH patients who had an iodine organifica-

tion defect.　TG was sequenced for DH patients who 

had a thyroglobulin synthesis defect and consequently 

have typically very low levels of thyroglobulin.　Other 

forms of DH were not included in the study.

Genetic analysis

　Genomic DNA was extracted from peripheral blood 

leukocytes by following a standard technique.　Amplifi-

cation of coding exons and the exon-intron boundary of 

the candidate genes was performed by using the poly-

merase chain reaction (PCR) with genomic DNA.　The 

PCR products were purified by using Wizard SV Gel and 

a PCR Clean-Up System (Promega, Madison, WI, USA).　
They were then sequenced directly with an ABI Prism 

BigDye Terminator Cycle Sequencing Ready Reaction 

Kit (Applied Biosystems, Foster City, USA) by using an 

automated sequencer ABI Prism 310 Genetic Analyzer 

(Applied Biosystems).

In silico analysis of novel genetic mutations

　In order to predict the functional effects of the novel 

genetic mutations that we identified, we performed in 

silico analysis by using PolyPhen-2 (http://genetics.bwh.

harvard.edu/pph2/)23).　This online tool can be used to 

predict the possible impact of an amino acid substitution 

on the structure and function of a human protein.　The 

genetic mutations were classified as being “benign”, 

“possibly damaging”, or “probably damaging”.　In addi-

tion to the PolyPhen-2 analysis, we investigated the spe-

cies conservation among human and other vertebrates of 

the mutated amino acids by using Evola (http://www.h-

invitational.jp/evola/)24).

Results

Evaluation of patients and genetic analysis

　The thyroid morphology of the 2 groups with 27 partic-

ipants is shown in Table 1.　Among the patients with ini-

tial TSH upon screening ≥20 mU/l, 6 of 10 patients 

(60%) had TD.　In contrast, among the patients with ini-

tial TSH upon screening <20 mU/l, only 2 of 17 patients 

Fig.Table 
1

Table 1.　Thyroid morphologies of the participants

Variable
Initial TSH at 

screening 
≥20 mU/l

Initial TSH at 
screening 
<20 mU/l

n (males/females) 10 (2/8) 17 (6/11)

Thyroid morphology, n

　Normal 3 13

　Hypoplasia 3  2

　Aplasia 2  0

　Ectopia 1  0

　Goiter 1  1

　Not evaluated 0  1
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(12%) had TD.

　The clinical phenotypes of the patients who had initial 

TSH upon screening ≥20 mU/l are shown in Table 2.　
For patient 1-6 who had TD and patient 8 and 9 who had 

normal thyroid morphology, TSHR and PAX8 were 

sequenced.　For patient 7 who had DH that was indica-

tive of a partial iodine organification defect, TPO, and 

DUOX2 were sequenced.　For patient 10 who had nor-

mal thyroid morphology, genetic analysis could not be 

conducted because she was an infant at the time of en-

rollment and her thyroid function could not be reeva-

luated.　No patients were suspected to have a thyroglob-

ulin synthesis defect.

　Three of 9 patients (33%) had mutations in PAX8, 

TPO, and TSHR (Table 2).　The results of their se-

quences and family studies of the mutation carriers are 

shown in Fig. 2 and Fig. 3, respectively.　Patient 1 suf-

fered from thyroid hypoplasia and had a novel PAX8 mu-

tation (heterozygous for p.I34K) (Fig. 2).　This missense 

mutation comprised 2 consecutive point mutations : 

c.101T > A and c.102C > A.　Both of the patient’s par-

ents had none of these point mutations (Fig. 3).　Patient 

7 suffered from a partial iodine organification defect and 

had a novel TPO mutation (compound heterozygous for 

p.R540X and p.W732L) (Fig. 2).　The nonsense mutation 

for p.R540X was previously reported25), but the missense 

mutation for p.W732L was novel.　The mother of this 

patient was heterozygous for p.R540X and the father was 

heterozygous for p.W732L (Fig. 3).　Patient 8 exhibited 

normal thyroid morphology and had a TSHR mutation 

(homozygous for p.R450H) (Fig. 2), which is common in 

Japan26).　The genotypes of the parents were not deter-

(28)

Fig. 2.　Three genetic mutations identified in severe 
permanent primary CH patients.　The identified 
PAX8 mutation is heterozygous for a novel mutation 
p.I34K.　This missense mutation comprises 2 consec-
utive point mutations : c.101T > A and c.102C > A.　
The identified TPO mutation is compound heterozy-
gous for p.R540X and p.W732L with the latter being a 
novel mutation.　The identified TSHR mutation is 
homozygous for p.R450H, which is common in Japan.

Fig. 2 

PAX8  TSHR 

TPO 

Heterozygous 
I34K 

Homozygous
R450H 

Heterozygous 
R540X 

Heterozygous 
W732L 

Table 2.　The clinical phenotypes of the patients with initial TSH at screening ≥20 mU/l

Patient
No.

Age (yrs), 
sex

Thyroid 
morphology

Gene 
mutation

Initial TSH 
at screening 

(mU/l)

Serum TSH at
reevaluation 

(mU/l)

FT4 at 
reevaluation 

(ng/dl)

Tg
(ng/ml)

123I uptake 
(3h)

Perchlorate 
discharge 
rate (%)

 1  9, M Hypoplasia PAX8 236.7  282.3 <0.1  89.8  4.8 N.A.

 2 10, F Hypoplasia －  89.5 292.1 <0.4  78.7  5.3 N.A.

 3 11, F Hypoplasia －  58.4 315.8 N.A. 13.0 N.A. N.A.

 4  8, F Aplasia － >200       184.6 <0.1  <8    8.3 N.A.

 5  1, F Aplasia － >93.3  N.A. N.A. 68.1 N.A. N.A.

 6 10, F Ectopia － 95   198.0 0.2 45.1  3.7 N.A.

 7 12, M Goiter TPO 334.4  169.6 0.9 >800       59.4  85     

 8  6, F Normal TSHR  25.7  22.8 0.9 24.6 12.9  2.7

 9 13, F Normal － >100       226.7 0.1 N.A. 7   N.A.

10  1, F Normal Not done  33.1 N.A. N.A. 124     N.A. N.A.

　　FT4, free thyroxine ; Tg, thyroglobulin ; M, male ; F, female ; N.A., not available ; －, not detectable
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mined (Fig. 3).

In silico analysis of novel genetic mutations

　For the PolyPhen-2 analysis, 2 novel mutations (I34K 

in PAX8 and W732L in TPO) were predicted to be “prob-

ably damaging.”　These mutated amino acids (isoleucine 

at position 34 of PAX8 and tryptophan at position 732 of 

TPO) were strictly conserved among 12 other verte-

brates.

Discussion

　We performed genetic analyses of 5 genes, namely, 

DUOX2, TSHR, TG, PAX8, and TPO, for 9 severe per-

manent primary CH patients with initial TSH ≥20 mU/l 

upon newborn screening.　DUOX2, TG, and TPO were 

sequenced for the DH patients.　TSHR and PAX8 were 

sequenced for the non-goitrous patients (i.e., TD or nor-

mal thyroid morphology) because the thyroid morpholo-

gies of these genetic mutations were highly variable : 

normal, ectopic, hypoplastic, or slightly enlarged7,20,21,27).

　Our study showed that 3 of 9 (33%) subjects had single 

genetic mutations in PAX8, TPO, and TSHR.　Recently, 

Japanese studies have confirmed by the systematic ge-

netic screening of a population-based cohort of Japanese 

patients that 23 of 102 (23%) permanent primary CH pa-

tients had single genetic mutations20-22).　These studies 

identified 8, 6, 5, 2, and 2 mutation carriers in DUOX2, 

TSHR, TG, PAX8, and TPO, respectively.　Although our 

study subjects were limited to severely affected patients 

and the sample size was small, our detection rate for mu-

tation carriers was compatible with these studies.　Our 

study suggests that the actual prevalence of single genet-

ic mutations among permanent primary CH patients is 

higher than was previously estimated17).

　In our study, 6 of 10 patients (60%) with initial TSH 

≥20 mU/l upon screening had TD, while only 2 of 17 pa-

tients (12%) with initial TSH <20 mU/l had TD.　This 

tendency was also observed in another study.　Narumi et 

al. reported that 48 of 70 patients (69%) with serum TSH 

≥10 mU/l (under discontinuation of treatment) had TD, 

while only 3 of 32 patients (9%) with serum TSH <10 

mU/l had TD20).　In addition, recently in Italy the use of 

a low TSH cutoff for newborn screening revealed that in-

cidence of CH is about two times greater than was previ-

ously thought, mainly because of the detection of mild 

CH within the thyroid gland in situ28).　This fact sug-

gests that TD patients are disposed to high TSH levels 

upon newborn screening.

　Because TD is generally thought to be a non-genetic 

disease1), we anticipated a low detection rate for genetic 

mutations among our severely affected subjects including 

for the 6 TD patients.　In fact, only one of the 6 TD pa-

tients had genetic mutations (PAX8).　However, the 

overall detection rate for genetic mutations among our 

subjects was higher than expected.　Our study indicates 

that severe CH patients may be predisposed to having 

TD but that genetic analysis may be useful to an extent, 

especially for DUOX2, TSHR, TG, PAX8, and TPO.

　We identified one PAX8 mutation carrier among the 6 

TD patients.　Macchia et al. identified 5 PAX8 mutation 

carriers among 145 TD patients7) and Narumi et al. iden-

tified 2 PAX8 mutation carriers among 51 TD patients21).　
According to these studies, the prevalence of a PAX8 

mutation is estimated to be 3-4% among TD patients.　
Notably, almost all of the PAX8 mutation carriers in our 

study and the earlier studies had thyroid hypoplasia ex-

cept for one case that had thyroid ectopia.　However, 

this patient also showed reduced gland size7).　Indeed, 

most cases of TD are not hereditary, but PAX8 mutations 

can be found rarely in some cases of thyroid hypoplasia.

　Among our 9 subjects, we found only one DH patient 

who had a TPO genetic mutation.　Mutations in TPO ap-

pear to be the most common cause of DH with perma-

(29)

Fig. 3.　Family studies of the 3 mutation carriers.　
Both parents of Patient 1 with a PAX8 mutation had no 
mutation.　Both parents of Patient 7 with a TPO muta-
tion were heterozygous for R540X and W732L, 
respectively.　The genotypes of the parents of Patient 
8 with a TSHR mutation were not determined.

PAX8 TPO TSHR 

Fig. 3 
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nent primary CH1).　Recently, Avbelj et al. detected TPO 

mutations in 20 of 43 (46%) permanent primary CH pa-

tients with DH in Slovenia, Bosnia, and Slovakia29).　In 

Japan, DUOX2 mutations have been estimated to be the 

leading cause of permanent primary CH with DH 

(1 : 44,000 newborns)22), and the estimated Japanese 

prevalence of TPO mutations (1 : 177,000 newborns)22) is 

lower than the Slovene prevalence (1 : 20,000 new-

borns)29) and the Dutch prevalence (1 : 66,000 new-

borns)18).　However, if CH patients show total iodine or-

ganification defects or extremely severe thyroid hormone 

insufficiency, TPO then remains the most likely candidate 

gene for DH.

　Japanese studies noted mutations in DUOX2, TG, or 

TPO in 93% of DH patients (13 of 14) who had at least a 

goiter (≥2SD), high 123I uptake (≥40%), high perchlorate 

discharge rate (≥10%), or low saliva-to-plasma 123I ratio 

(<10%)22).　We found only one DH patient among our 

subjects, but this patient had a goiter (+3.6SD), high 123I 

uptake (59.4%), and a high perchlorate discharge rate 

(85%).　In fact, we were able to identify a genetic muta-

tion in TPO.　Although DH accounts for a small propor-

tion of cases of permanent primary CH, the actual preva-

lence of genetic mutations among DH patients is likely to 

be fairly high.

　We identified one bi-allelic TSHR mutation carrier 

among 8 non-goitrous patients (13%).　Our TSHR muta-

tion carrier had normal thyroid morphology and milder 

phenotypes than our PAX8 and TPO mutation carriers 

did.　The phenotypes of bi-allelic TSHR mutations are 

variable : mild to severe CH and normal to severe 

hypoplasia5,6,20).　The prevalence of TSHR mutations has 

been presumed to be rare, but a recent Korean study27) 

found 13 TSHR mutation carriers (16.5%) among 79 pa-

tients that were indicative of TD.　Similarly, a recent 

Japanese study20) found 6 TSHR mutation carriers (8%) 

among 80 non-goitrous patients : 3 patients had bi-allelic 

mutations with moderate to severe CH and 3 patients 

had monoallelic mutations with mild CH.　The preva-

lence of TSHR mutations could be relatively high among 

non-goitrous CH patients with phenotypic heterogeneity.

　In this study, we did not perform functional analysis of 

the two novel mutations, PAX8 I34K and TPO W732L.　
However, there are some reports suggesting the roles of 

the mutations.　Functional analysis of PAX8 R31H7) and 

Q40P30) showed that these mutations, which are located 

in the paired domain of PAX8, resulted in reduction of the 

DNA-binding ability of this transcription factor.　The 

PAX8 I34K mutation is also located in the paired domain, 

and considered to produce the same effect.　Functional 

analysis of TPO R665W and G771R showed that these 

mutated TPO proteins did not migrate to the plasma 

membrane31).　The TPO W732L mutation is located be-

tween R665W and G771R in the extracellular region32), 

and may exhibit the same effect.

　A limitation of our study is that the sample size was 

very small.　In Akita Prefecture, the average number of 

births over the past 13 years has been 8,000-9,000 a year, 

from which permanent primary CH occurrences are esti-

mated to be 2-3 patients a year.　Furthermore, only 12% 

of the suspected CH patients (40 of 330) were referred to 

our institute.　Another limitation of our study was that 

genetic mutations were searched for only in the coding 

region.　De Felice et al. have pointed out the possibility 

that mutations in introns or regulatory regions may have 

been unnoticed and that the prevalence of genetic muta-

tions in TD patients could be underestimated33).　None-

theless, we believe that our overall detection rate of ge-

netic mutations among severely affected CH patients is 

valid, because the characteristics of our subjects and our 

detection rate of genetic mutations are compatible with 

those of a recently conducted, population-based Japanese 

study20-22).

　In conclusion, we identified 2 novel mutations in PAX8 

and TPO, and one previously reported mutation in TSHR 

among 9 severe permanent primary CH patients with ini-

tial TSH upon screening ≥20 mU/l.　In spite of the high 

frequency of TD (60%), the overall detection rate of ge-

netic mutations among our subjects was higher than 

expected.　Our study suggests that the genetic analysis 

of 5 genes, namely, DUOX2, TSHR, TG, PAX8, and TPO, 

is useful for the diagnosis of CH, and that the actual prev-

alence of genetic mutations among CH patients might be 

higher than was previously estimated.　Further studies 

are required to clarify the roles of the novel mutations, 

PAX8 p.I34K and TPO p.W732L, in the pathogenesis of 

primary CH.

(30)
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