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Interaction between thyroglobulin and ADAMTS16 in
premature ovarian failure
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Objective: The aim of the present study was to examine whether interactions between polymorphisms in the thyroglobulin and ADAM metal-
lopeptidase with thrombospondin type 1 motif, 16 (ADAMTS16) genes are associated with the development of premature ovarian failure (POF).
Methods: A total of 75 patients with POF and 196 controls were involved in this study. We used a GoldenGate assay to genotype single nucleo-
tide polymorphisms (SNPs). Logistic regression analysis was performed to identify POF-associated polymorphisms and synergistic interactions
between polymorphisms in the thyroglobulin and ADAMTS16 genes.

Results: Single gene analyses using logistic regression analysis showed no significant association between polymorphisms in the two genes
and POF. In the results from interaction analyses, we found seven synergistic interactions between the polymorphisms in thyroglobulin and
ADAMTS16, although there was no combination showing p-values lower than the significant threshold using the Bonferroni correction. When
the AG genotype was present at the rs853326 missense SNP, the A and G alleles at the tagging SNPs rs16875268 and rs13168665 showed sig-
nificant interactions (odds ratios =5.318 and 16.2 respectively; 95% confidence intervals, 1.64—17.28 and 2.08-126.4; p=0.0054 and 0.0079).
Conclusion: Synergistic interactions between polymorphisms in the thyroglobulin and ADAMTS16 genes were associated with an increased

risk of POF development in Korean women.
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Introduction

Premature ovarian failure (POF) is a heterogeneous and polygenic
disease and is characterized by the cessation of the menstrual cycle
before the age of forty [1]. Women with POF have high levels of serum
FSH (>40 IU/L) and low levels of estradiol. POF may be caused by a
decreased number of ovarian follicles during the development of the
gonads or by the early loss of follicles, which results from accelerated
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atresia. Various etiologies for POF have been reported, including auto-
immunity, infections, iatrogenic, metabolic, and genetic factors; how-
ever, a large portion of cases are still idiopathic [2].

We have previously identified the thyroglobulin (TG) gene as a
promising candidate for contributing to POF. Thyroglobulin is the pre-
cursor protein for thyroid hormone synthesis and shows a significant
association with POF through a single-gene analysis and an epistasis
analysis with the hydroxysteroid (17-beta) dehydrogenase 4 gene
[3,4]. Thyroid hormones have been reported to stimulate the synthe-
sis of estradiol, progesterone, and androstenedione, which are in-
duced by FSH or LH in mammals, including humans [5-8]. Defects in
the TG gene have been related to the development of thyroid diseases
such as thyroid cancer and hypothyroidism [9].

ADAM metallopeptidase with thrombospondin type 1 motif, 16
(ADAMTS16) expresses in granulosa cells in the ovary. A high level of
az-macroglobulin, which is a substrate of ADAMTS16, was detected in
follicular fluid [10], and a,-macroglobulin has been shown to be in-
volved in the regulation of estradiol production [11]. In addition, we
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found a significant epistasis effect between the thyroid stimulating
hormone beta gene and ADAMTS16 in our previous study [12]. There-
fore, we suggested that the ADAMTS16 gene may interact with genes
involved in thyroid hormone metabolism, although their interaction
had not been previously described. In this study, we hypothesized
that the TG gene may interact with the ADAMTS16 gene since both TG
and ADAMTS16 have been involved in the regulation of estradiol lev-
els, and therefore examined whether interactions between single nu-
cleotide polymorphisms (SNPs) in TG and ADAMTS16 are associated
with POF.

Methods

1. Subjects

Seventy-five POF patients and 196 female controls were involved in
the present study. All of the patients were diagnosed with POF at CHA
Hospital (Seoul), according to the following criteria: 1) age less than
40 years, 2) serum FSH levels higher than 40 IU/L, and 3) amenorrhea
for >6 months. Sixty-five controls recruited from CHA Hospitals
(Seoul and Seongnam) had regular menstrual cycles and had experi-
enced at least one naturally conceived pregnancy. The remaining 131
controls, who were recruited from the city of Chungju as part of a pre-
vious study [13], had experienced natural menopause between the
ages of 45 years and 60 years. The sample size in the present study
was determined to have a statistical power of more than 80%. This
study was approved by the Institutional Review Board of CHA Univer-
sity (IRB 2005-003, 10443308-201310-BR-002-01).

2. Genomic DNA preparation and genotyping

The isolation of genomic DNA for all peripheral blood samples was
performed using the high-salt buffer method. We diluted all samples
to 50 ng/pL using a 1 x Tris ethylenediaminetetraacetic acid buffer
(pH 8.0) and stored them at —80°C until genotyping. In order to geno-
type SNPs, we performed a GoldenGate assay (lllumina Inc., San Di-

Table 1. Association study of SNPs within TG and ADAMTS 16 with POF
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ego, CA, USA) according to the manufacturer’s protocol. This assay
employs an allele-specific primer extension method and uses a two
color fluorescent labeling system. Fluorescent signals were analyzed
by using BeadArray Reader and BeadXpress Reader (lllumina Inc.),
and GenomeStudio software (lllumina Inc.) was used for genotype
determination.

3. Statistical analysis

We performed chi-squared tests for deviations from Hardy-Wein-
berg equilibrium (HWE). After excluding samples with a call rate less
than 80%, logistic regression analysis in an additive model was per-
formed to identify POF-associated SNPs using PLINK software (ver.
1.07, http://pngu.mgh.harvard.edu/~purcell/plink/). In order to iden-
tify synergistic interactions between SNPs in the TG and ADAMTS16
genes, logistic regression analyses were also performed using both
PLINK and Python programs we coded (version 2.7.3, Python Soft-
ware Foundation, Wolfeboro Falls, NH, USA). The following analytical
method was used. First, samples carrying five genotype patterns (AA,
AB, BB, [AA or AB], [AB or BB]) were extracted from all SNPs. Then, we
performed logistic regression analyses for each SNP in combination
with samples carrying each genotype pattern in another gene. Only
combinations with lower p-values than those of single SNPs were in-
cluded in the results, since these combinations were considered to
show synergistic interactions.

Results

The majority of selected SNPs were tagging SNPs and SNPs located in
coding regions. Tagging SNPs were identified using a large cohort da-
taset merged with imputed data using the IMPUTE program obtained
from the Korean Genome Epidemiology Study. SNPs located in coding
regions, which had minor allele frequencies of 0.01 in Chinese and Jap-
anese subjects, were selected from the National Center for Biotechnol-
ogy Information SNP database (http://www.ncbi.nlm.nih.gov/proj-

ATA1/ATA2/A2A2 (N)
SNP Gene Function Chr AT,A2 OR? 95% CI? p-value?
Case Control
1s2069561 TG Missense 8 AG 14/38/23 26/97/69 1.2540 0.85-1.86 0.26
rs180223 TG Missense 8 AC 3/24/48 7/77/106 0.7781 0.48-1.26 0.31
rs2069550 TG Synonymous 8 AG 3/24/48 8/77/107 0.7687 0.48-1.24 0.28
rs853326 TG Missense 8 AG 3/24/48 7/76/106 0.7851 0.48-1.27 0.33
rs1863968 ADAMTS16 Missense 5 GA 14/29/26 29/84/57 0.9817 0.66-1.46 0.93
rs16875268 ADAMTS16 Intron 5 AG 13/25/34 15/74/97 1.3760 0.93-2.04 0.11
rs13168665 ADAMTS16 Intron 5 GA 10/39/25 25/86/81 1.2120 0.82-1.80 0.34

SNP, single nucleotide polymorphism; TG, thyroglobulin; POF, premature ovarian failure; Chr, chromosome; A1, minor allele; A2, major allele; OR, odds ratio; Cl,

confidence interval.

Values were calculated by logistic regression analysis using an additive model for the minor allele.
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Table 2. Synergistic interactions between SNPs within TG and ADAMTS16 in POF

gﬁm AD/;\’l\ll/LTZSM Functions AT;A2 ATAV/AT A2/A2A;:::OI OR? 95% CI? p-value?
rs2069561 GG rs1863968 Missense x Missense GA 3/8/9 11/39/9 0.220 0.07-0.680 0.0087
rs180223 AC 1516875268  Missense X Intron AG 4/14/4 9/25/39 5.162 1.59-16.75 0.0063
rs2069550 AG 1516875268  Synonymous X Intron AG 4/14/4 9/25/39 5.162 1.59-16.75 0.0063
rs853326 AG rs16875268  Missense X Intron AG 4/14/4 9/24/39 5318 1.64-17.28 0.0054
rs180223 AC 513168665  Missense X Intron GA 0/23/1 9/36/31 15.840 2.03-1235 0.0084
rs2069550 AG  rs13168665  Synonymous X Intron GA 0/23/1 9/36/31 15.840 2.03-1235 0.0084
rs853326 AG rs13168665  Missense X Intron GA 0/23/1 9/35/31 16.200 2.08-126.4 0.0079

SNP, single nucleotide polymorphism; TG, thyroglobulin; POF, premature ovarian failure; A1, minor allele for SNP2; A2, major allele for SNP2; OR, odds ratio; Cl,

confidence interval.

Values were calculated by logistic regression analyses in a dominant model for the minor allele of SNP2, in combination with the pattern of the genotype at

SNP1.

ects/SNP/). All SNPs were in HWE. Single SNP analyses using logistic re-
gression analysis in an additive model showed no significant associa-
tion between SNPs in TG and ADAMTS16 genes and POF (Table 1).

Interaction analyses showed seven significant interactions between
the SNPs in TG and ADAMTS16 (Table 2), although there was no com-
bination showing p-values lower than the significant threshold using
the Bonferroni correction. When the AG genotype was present at the
1853326 missense SNP, the A and G alleles at the rs16875268 and
rs13168665 tagging SNPs showed significant synergistic effects in a
dominant model (odds ratios [OR]=5.318 and 16.2; 95% confidence
intervals [CI], 1.64-17.28 and 2.08-126.4; p=0.0054 and 0.0079). In
addition, when the AC and AG genotypes were present at missense
and synonymous SNPs (rs180223, rs2069550), the A and G alleles at
rs16875268 and rs13168665 showed significant synergistic effects in
a dominant model (OR=5.162 and 15.84; 95% Cl, 1.59-16.75 and
2.03-123.5; p=0.0063 and 0.0084). We also found one combination
that showed an odds ratio lower than 1. When the GG genotype at
rs2069561 was present, the G allele at the missense SNP rs1863968
showed significant synergistic effects in a dominant model (OR=
0.22;95% Cl, 0.07-0.68; p=0.0087).

Discussion

In the present study, we identified seven synergistic interactions be-
tween missense or synonymous SNPs in TG and missense or tagging
SNPs in ADAMTS16 although there was no combination showing p-val-
ues lower than the significant threshold using the Bonferroni correction.

A large glycoprotein, TG, which is a precursor protein for thyroid hor-
mone synthesis, is secreted into the thyroid follicular lumen. TG is es-
sential for storage of the inactive forms of Ts and T4 in the lumen of
thyroid follicles [14]. Mutations in the TG gene have been reported to
be associated with various thyroid disorders including hypothyroid-
ism, autoimmune thyroid disease and thyroid cancer [9]. Thyroid hor-
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mones have been detected in human follicular fluid, and their recep-
tors have been shown to be expressed in human granulosa cells [15-
18]. It has been also reported that thyroid hormones stimulate the se-
cretion of estrogen and progesterone induced by FSH or LH in mam-
malian [5-8]. Therefore, TG may play a crucial role in ovarian function.

Mice carrying mutations in the TG gene have defects in TG folding
that result in thyroid endoplasmic reticulum storage disease, which
causes deficiencies in TG export [19]. Mutations in the coding regions
of TG have caused defective transport of TG in humans [20,21]. These
defects arise from endoplasmic reticulum quality control that de-
grades misfolded or unassembled proteins via a nonlysosomal pro-
teolytic pathway [22-24]. Eventually, TG is accumulated in the endo-
plasmic reticulum, and subsequently thyroid hormone synthesis is re-
duced [25]. Therefore, the integrity of TG structure is important for the
normal synthesis of thyroid hormones. In this study, we found three
missense SNPs in TG that participated in synergistic interactions with
SNPs in ADAMTS16. We now speculate that the three missense SNPs
in TG may affect the integrity of its protein structure and could cause
reduced synthesis of thyroid hormones resulting in low levels of estro-
gen and progesterone.

ADAMTS family members have been shown to be involved in vari-
ous cellular processes including angiogenesis, development, and
ovulation. These proteinases have been associated with many kinds
of diseases such as atherosclerosis, asthma and cancer progression
[26]. It has been also reported that ADAMTS proteinases play a role in
follicle development, ovulation and corpus luteum formation [27-29].
ADAMTS16 is expressed in fetal lung and kidney cells and adult brain
and ovary cells [30], and it is highly expressed in human granulosa
cells in preovulatory follicles [10]. It has also been demonstrated that
the expression of ADAMTS16 is induced by FSH and forskolin [10]. A
substrate of , a;-macroglobulin, which is present in higher levels in
follicular fluid, has been shown to be involved in the production of
estradiol by granulosa cells [10,11]. Therefore, we speculate that the
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rs1863968 missense SNP within ADAMTS16 or other nonsynony-
mous SNPs which are in strong linkage disequilibrium with the tag-
ging intronic SNPs may affect the structure of ADAMTS16, thereby al-
tering the efficiency of the cleavage of a,-macroglobulin and possi-
bly then leading to abnormal regulation of estradiol levels in the
ovary.

We investigated whether the structures coded for by TG and AD-
AMTS16 would be changed by the missense SNPs by using a protein
secondary structure prediction program, Jpred3 (http://www.comp-
bio.dundee.ac.uk/www-jpred/) [31,32]. We found differences ranging
from 4.2% to 8.4% between the secondary structures of the wild
types and the mutant types (data not shown). A striking result was
that changes occurred not only at the SNP location but also at regions
far from the SNP site. Therefore, we think that structural changes
might also occur in regions that we did not examine.

In the present study, we found not only significant associations with
an increased risk of POF but also an association with protective effects
against POF development. Although the statistical power for this re-
sult was lower than 80% (73%), it showed a low odds ratio and a low
p-value (OR=0.22; 95% Cl, 0.07-0.68; p=0.0087). 85% of controls
carried both rs2069561 GG and rs1863968 GG+GA genotypes, but
only 55% of POF patients carried those genotypes. Our result sug-
gests that if carriers of the rs2069561 GG phenotype also have the
rs1863968 GG+GA genotypes, they have a lower risk of POF develop-
ment.

In conclusion, synergistic interactions between SNPs located in cod-
ing regions or tagging SNPs in TG and ADAMTS16 were found to be
associated with POF. Since both TG and ADAMTS16 are believed to
play a role in the regulation of estradiol levels in the ovary, we now
suggest that synergistic interactions between these polymorphisms
or other SNPs tagged by them might lead to inappropriate levels of
estradiol in the ovary. Although there was no result that presented
lower p-values than the significant threshold using the Bonferroni
correction, our results showed p-values < 0.01 that could be consid-
ered significant. The major limitation of this study is its small sample
size. However, compared with other genetic association studies for
POF and in light of the low prevalence of POF (1%), our sample size
may be considered reasonable. In fact, most of our significant results
in this study showed a statistical power greater than 80%. Replication
studies with larger sample sizes, which can increase statistical power
and can produce lower p-values, are required to confirm our results.
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