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Abstract

Background: To assess how genomic information of the general population reflects probabilities of developing diseases and
the differences in those probabilities among ethnic groups, a general population database was analyzed with an example of
congenital hypothyroidism. Methods: Ten candidate genes that follow an autosomal recessive inheritance pattern in congenital
hypothyroidism (SLC5A5, TPO, TG, IYD, DUOXA2, DUOX2, TSHR, TSHB, TRHR, FOXE1) in the gnomAD database
(v2.1.1) were analyzed. The carrier frequency (CF) and predicted genetic prevalence (pGP) were estimated. Results: The total
CF in the overall population was 2.9%. DUOX2 showed the highest CF (1.46%), followed by TG (0.47%), TPO (0.42%), TSHR
(0.16%), DUOXA2 (0.15%), IYD (0.08%), TRHR (0.07%), SLC5A5 (0.07%), TSHB (0.04%), and FOXE1 (0%). The pGP in
the overall population was 6.57 individuals per 100.000 births (1:15,216). The highest pGP was in the East Asian group at
44.65 per 100,000 births (1:2,240), followed by Finnish (14.21), other (5.99), Non-Finnish European (5.96), African (3.80), South
Asian (3.07), Latino (2.99), and Ashkenazi Jewish (1.52) groups. Conclusion: The feasibility of genetic screening for congenital
hypothyroidism may be determined by ethnicity. Comparing the pGP with the real prevalence of congenital hypothyroidism

indicates that genetic screening in East Asian may be feasible.

Introduction

Genetic screening is a type of genetic testing that is designed to identify a specified population at a higher
risk of having or developing a disease with the aim of prevention or early treatment (Andermann & Blanc-
quaert, 2010). Generally, genetic screening is performed as targeted testing for known hotspot variations.
The development of next-generation sequencing (NGS) techniques has introduced a new genomic era by pro-
ducing massive genomic data and reducing costs. Recently, the Genome Aggregation Database (gnomAD,
https://gnomad.broadinstitute.org/) has been constructed as a very large database that contains genomic
information of the general population worldwide (Karczewski et al., 2020; Lek et al., 2016). Several compa-
nies have launched proactive genetic testing for generally healthy individuals without a personal or family
history using NGS techniques for identifying particular genes or performing whole exome/genome sequencing
that is not confined to hotspot variations.

At present, major questions are how genomic information of a generally healthy population reflects prob-
abilities of developing diseases and the differences in those probabilities among ethnic groups. Additional
questions are the use of genetic testing to provide useful and crucial information and eventually prevent
diseases in healthy individuals. To answer these questions, genomic data associated with congenital hy-
pothyroidism, which is one of the major achievements of preventive medicine (Buyukgebiz, 2013), were
analyzed based on the general population database and their carrier frequency and genetic prevalence were
estimated by ethnicity.

Methods



Database analysis

The gnomAD data (v2.1.1) was obtained from https://gnomad.broadinstitute.org/. A total of 10 candidate
genes that follow an autosomal recessive inheritance pattern in congenital hypothyroidism (SLC5A5 , TPO |
TG ,IYD ,DUOXA2 , DUOX2 , TSHR , TSHB , TRHR ,FOXFE1 ) were analyzed. The gnomAD database
(v2.1.1) contains genetic variants from 125,748 exomes and 15,708 genomes and eight populations, including
African/African American, Latino Ashkenazi Jewish, East Asian, Finnish, Non-Finnish European, South
Asian, and other groups.

Genetic variant classification

All genetic variants in the 10 candidate genes reported in the gnomAD database (v.2.1.1) were classi-
fied into five categories, benign, likely benign, uncertain significance, likely pathogenic, and pathogenic,
following the 2015 American College of Medical Genetics and Genomics (ACMG)/Association for Molec-
ular Pathology (AMP) standards and guidelines (Richards et al., 2015). Loss-of-function variants of
these 10 candidate genes were presumed to be responsible for a congenital hypothyroidism mecha-
nism. The GRCh37/hgl9 genomic build was used for all position descriptions. All variants were
described according to HGVS variant nomenclature standards (http://varnomen.hgvs.org/) (den Dun-
nen et al., 2016) and analyzed based on the transcript selected by matched annotation from NCBI
and EMBL-EBI (MANE) (https://www.ncbi.nlm.nih.gov/refseq/MANE/) using a Mutalyzer program
(https://mutalyzer.nl/). If the genetic variants were not known pathogenic or likely pathogenic variants
(PLPV), the null variants (stop-gain, splice site disrupting, or frameshift variants) with flags of low-confidence
predicted loss-of-function (pLoF) or pLof flag by loss-of-function transcript effect estimator (LOFTEE,
https://github.com/konradjk/loftee) were filtered. For the prediction of variant pathogenicity, multiple in
silico software such as REVEL (https://sites.google.com/site/revelgenomics/) (Ghosh, Oak, & Plon, 2017,
Toannidis et al., 2016), GERP++ (http://mendel.stanford.edu/SidowLab/downloads/gerp/) (Davydov et al.,
2010), or dbscSNV (https://sites.google.com/site/jpopgen/dbNSFP) (Ghosh et al., 2017; Jian, Boerwinkle,
& Liu, 2014) were used. In addition, the ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) for locus specific
databases and the Pfam (https://pfam.xfam.org/) and the InterPro (https://www.ebi.ac.uk/interpro/) for
functional domain databases were used.

Carrier frequency (CF) and predicted genetic prevalence analysis (pGP)

For CF and pGP analysis, only heterozygous PLPV (not homozygous PLPV) was considered (Hanany et
al., 2018; Hanany, Rivolta, & Sharon, 2020). Therefore, the allele frequency of heterozygous PLPV (AFy)
and CFv for a variant V were calculated as follows:

__allele count—2xhomozygous count
AFV - allele number

__AFvy * allele number __
CFV " Number of individuals — QAFV

Where the allele count (number of variant alleles), allele number (number of genotyped alleles = 2 * number
of individuals) and homozygous count (number of homozygous individuals) for a variant was provided by
gnomAD.

For the CF and pGP in a gene level (CFg and pGPg, respectively), two methods were applied. The first
method (method 1) followed CF¢ and pGPgcalculations as previously described (Hanany et al., 2020) as
follows:

CFe=1-T[}_,(1-CFy)

pGP = 2k=1 (CF\Z)ik(CFV)ik

The second method (method 2) was based on the Hardy—Weinberg equation.
The CFg was calculated as follows:

CFg =Y }_, CFy(k)



Using the Hardy—Weinberg equation (p? + 2pq + 2 =1), the predicted genetic prevalence of congenital
hypothyroidism (q?) as pGPg was calculated as follows:

CFg=2pq=2(1-4q)q
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Comparison analysis between method 1 and method 2 was performed using linear regression (IBM SPSS
statistics version 25, Chicago, IL, USA).

The total pGP, in terms of the proportion of individuals in each ethnic group predicted to be affected by
the PLPV in all candidate 10 genes, was calculated as the sum of each pGPg.

Logistic regression analysis

To analyze which factors influence submission of the PLPV to ClinVar, multivariate logistic regression anal-
ysis was performed (IBM SPSS statistics v.25, USA). Among the stepwise methods, the forward likelihood
ratio (LR) was selected. The independent variables (covariates) were number of allele count, the ethnic
population and the genes. P < 0.05 indicated statistical significance.

Results
Presumed PLPVs in 10 candidate genes

The presumed PLPVs in the 10 candidate genes are described in Tables S1-S9. A total 557 variants were
classified into PLPVs: 22 variants inSLC5A5 , 76 variants in TPO , 178 variants in TG , 20 variants in
IYD , 36 variants in DUOXA2 , 138 variants inDUOX2 , 55 variants in TSHR , 8 variants in TSHB , and
24 variants in TRHR (Table 1). Of the 557 variants, only 71 variants (12.6%, 95% CI 9.9%-15.9%) were
registered in the ClinVar database: 18.2% (95% CI 4.9%-46.6%) in SLC5A5 , 15.8% (95% CI 8.2%-27.6%) in
TPO , 5.6% (95% CI 2.7%-10.3%) inTG , 20.0% (95% CI 5.5%-51.2%) in IYD , 8.3% (95% CI 1.7%24.4%)
in DUOXAZ2 , 15.9% (95% CI 10%-24.1%) inDUOX2 , 16.4% (95% CI 7.5%-31.1%) in TSHR , 50% in TSHB
, 8.3% (95% CT 1.0%-30.1%) in TRHR . These 557 variants included 191 frameshift variants (34.3%, 95%
CI 29.6%-39.5%), 188 nonsense variants (33.8%, 95% CI 29.1%-38.9%), 141 splice variants (25.3%, 95% CI
21.3%-29.9%), 29 missense variants (5.2%, 95% CI 3.5%-7.5%), 6 initiation codon variations (1.1%, 95% CI
0.4%-2.3%), and 2 in-frame deletion variants (0.4%, 95% CI 0.04%-1.3%) (Tables S1-S9).

Contributing factors for submission of presumed PLPVs to ClinVar

To assess the factors that influence submission of the presumed PLPV to ClinVar, multivariate logistic
regression analysis was performed. The following variables correlated with submission of presumed PLPV to
ClinVar: higher allele counts (X1), whether presumed PLPVs were detected in the Non-Finnish European
population (X2), whether these PLPVs in TSHB (X3) were present, and whether these PLPVs in TG (X4)
were absent (Table 2). The equation for this model is:

Ln(55) =-3.461 + 0.129 * X1 + 1.331 * X2 + 1.934 * X3 - 0.882 * X4

Comparison of the two methods for analysis of carrier frequency and predicted genetic preva-
lence

The carrier frequency for a variant (CFy) was calculated based on the allele frequency of each heterozy-
gous PLPV except homozygous carriers. The CFg and pGPgwere analyzed using two different methods as



described in the methods section for every gene in each ethnic group, and the CFgand pGP¢ values cal-
culated by the two methods were compared. Notably, linear regression analysis showed a perfect fit: R?=1
(y = 0.00001814 + 0.990x) for CFg(Figure 1A) and R2=1 (y = 0.0000001347 + 0.961x) for pGP¢ (Figure
1B).

Distribution of carrier frequency and predicted genetic prevalence in each ethnic group

The total CF for all 10 candidate genes in the overall population was 2.9% (Figure 2A). This means that
unaffected carriers among 10 candidate genes are predicted to be 2.9%. Among the 8 ethnic groups, the East
Asian population showed the highest total CF (6.2%), followed by other (3.2%), Finnish (3.2%), Non-Finnish
European (2.8%), African (2.4%), Latino (2.1%), South Asian (1.8%), and Ashkenazi Jewish (1.4%). In the
Ashkenazi Jewish group, any presumed PLPV in IYDand all 4 genes (TSHR , TSHB , TRHR, FOXE1 )
associated with thyroid dysgenesis were not found. In the overall population, of the 10 candidate genes,
DUOX2 showed the highest CF (1.46%), followed by TG (0.47%), TPO (0.42%),TSHR (0.16%), DUOXA2
(0.15%), IYD (0.08%),TRHR (0.07%), SLC5A5 (0.07%), TSHB (0.04%), andFOXE1 (0%). Interestingly,
the distribution of the proportion of genes in the East Asian group was unique: DUOX2 (3.96%) > DUOXA2
(1.06%) > TPO (0.56%) > TG (0.50%) > SLC5A5 (0.16%) > TSHR (0.04%) > TRHR (0.03%) > TSHB
(0.01%) > IYD (0.01%).

Overall, the pGP caused by 10 candidate genes in the total population was 6.57 individuals per 100.000 births
(1:15,216) (Figure 2B). The pGP of the East Asian group was 44.65 per 100,000 births (1:2,240), followed by
Finnish (14.21 per 100,000 births, 1:7039), other (5.99 per 100,000 births, 1:16,683), Non-Finnish European
(5.96 per 100,000 births, 1:16,762), African (3.80 per 100,000 births, 1:26,283), South Asian (3.07 per 100,000
births, 1:32,575), Latino (2.99 per 100,000 births, 1:33,453), and Ashkenazi Jewish (1.52 per 100,000 births,
1:65,972).

Discussion

Congenital hypothyroidism is the most common neonatal disorder (Feuchtbaum, Carter, Dowray, Currier,
& Lorey, 2012). Prompt diagnosis and treatment help prevent patient intellectual disability (Cherella &
Wassner, 2017). The newborn screening program for congenital hypothyroidism with detection of blood spot
thyroid stimulating hormone (T'SH) or thyroxine (T4) was implemented between 1970 and 1980 worldwide,
especially in developed countries. This public health program has nearly eradicated the profound physical and
cognitive impairments due to severe congenital hypothyroidism. Recent studies raised an issue that current
screening criteria miss borderline or subclinical congenital hypothyroidism (Lain et al., 2016; Leonardi et
al., 2008).

Primary congenital hypothyroidism is broadly caused by thyroid dysgenesis (including agenesis, hypoplasia,
or abnormal location) or dyshormogenesis (when a normal thyroid gland produces abnormal amounts of
thyroid hormone). Historically, the most common cause (approximately 85%) of primary hypothyroidism
is thyroid dysgenesis (Cherella & Wassner, 2017; Deladoey, Ruel, Giguere, & Van Vliet, 2011; Olivieri,
Fazzini, Medda, & Ttalian Study Group for Congenital, 2015; Wassner & Brown, 2015), with an incidence
of about 1:4,000 births. However, thyroid dysgenesis occurs sporadically, and fewer than 5% of thyroid
dysgenesis cases are attributable to genetic variations in the known genes. Dyshormogenesis accounts for
approximately 15% of primary hypothyroidism and is mainly caused by a genetic defect. The proportion
of dyshormogenesis cases within congenital hypothyroidism has been increasing up to over 30% (Cherella &
Wassner, 2017; Wassner & Brown, 2015).

In this study, the carrier frequency and predicted genetic prevalence of primary congenital hypothyroidism
were analyzed based on the general population database. Most of the general population is regarded to
include individuals without severe hypothyroid conditions; therefore, only genes associated with primary
congenital hypothyroidism (excluding central congenital hypothyroidism) inherited in an autosomal recessive
pattern were included. To date, there are 6 genes (SLC5A5 ,TPO , TG , IYD , DUOXA2 , DUOX2 )
associated with thyroid dyshormonogenesis and 8 genes (TSHR, PAXS, TSHB, NKX2-5, THRA, TRHR,
TBL1X, IRS4 ) associated with nongoitrous congenital hypothyroidism in the Online Mendelian Inheritance



in Man database. All thyroid dyshormonogenesis genes are inherited in an autosomal recessive pattern, while
three nongoitrous congenital hypothyroidism genes (TSHR, TSHB, TRHR ) are inherited in an autosomal
recessive pattern, three genes (PAX8, NKX2-5, THRA ) are autosomal dominant, and two (TBL1X, IRS/
) are X-linked. Other genes associated with thyroid dysgenesis include NKX2-1, CDCAS, JAG1, and NTN1
and their related conditions are autosomal dominant (Peters, van Trotsenburg, & Schoenmakers, 2018).
Other genes, FOXE! or GLIS3 , are inherited in an autosomal recessive manner. Even though a higher
proportion of genes associated with dyshormonogenesis compared with thyroid dysgenesis genes were included
in this study, the CF of all genes associated with dyshormonogenesis was approximately 90%.

Differences in the prevalence of congenital hypothyroidism by ethnicity have been reported (Feuchtbaum et
al., 2012; Stoppa-Vaucher, Van Vliet, & Deladoey, 2011). The Asian and Latino (Hispanic) groups showed
higher rates while the African population had a lower rate compared with the prevalence of congenital hy-
pothyroidism in the European group. In this study, the pGP of congenital hypothyroidism in East Asians
(1:2,240) was notably higher than other populations and consistent with the prevalence of congenital hy-
pothyroidism calculated based on number of patients in Asians (1:918-1:4,464). However, in contrast to the
previous studies, the Latino population in this study showed the lowest rate of pGP for congenital hypothy-
roidism among all populations except Ashkenazi Jewish. In addition, there was a difference between the
pGP and real prevalence of congenital hypothyroidism in other populations except the East Asian group.

The difference between the pGP based on the population database and the real prevalence might be de-
termined by how many genes following autosomal recessive inheritance patterns were associated with their
diseases by ethnic group, because the pGP in this study was calculated not considering autosomal dominant
inheritance: a larger proportion of genes that follow an autosomal recessive inheritance pattern within the
entire genetic portion, the gap between the pGP and real prevalence is narrowing. There are differences be-
tween the proportions of thyroid dysgenesis and dyshormonogenesis between ethnic groups (Stoppa-Vaucher
et al., 2011; Sun et al., 2018). Since all pathogenic variations associated with dyshormonogenesis are inherited
in an autosomal recessive manner, if the proportion of dyshormonogenesis is higher in the specific population,
the pGP would be more consistent with the real prevalence. Recent studies using NGS have reported that
more than 50% of congenital hypothyroidism in East Asians was caused by thyroid dyshormonogenesis (Park
et al., 2016; Sun et al., 2018; Yu et al., 2018). These results may indicate why the pGP of the East Asian
group in this study was consistent with the real prevalence. Interestingly, the pGP of the sum of DUOX
and DUOXA2 was 43.2 per 100,000 births (1:2317) and 96.7% of total pGP in the East Asian group. In
contrast, if the proportion of dyshormonogenesis in a population is lower, the difference between pGP and
real prevalence would be bigger because the genetic cause from thyroid dysgenesis would be underestimated;
many of the thyroid dysgenesis genes are inherited in an autosomal dominant manner.

Most of the studies on the genetic epidemiology of congenital hypothyroidism were based on European
populations. Generally, if the specific variant is submitted to ClinVar as PLPV | it means that clinical patients
with those PLPVs are present as well as those PLPVs are the main cause of their disease development. In this
study, the results showed that whether the presumed PLPV was detected in a European group (specifically
Non-Finnish European) significantly affected the submission to ClinVar. Therefore, the CF and pGP might
be underestimated in the population that showed the biggest difference between the pGP and real prevalence,
because many variants would be classified as variants of uncertain significance and not as PLPVs due to
insufficiency of genetic and clinical information.

Additionally, unknown genetic factors (including causative variants in unknown genes or unrecognized vari-
ants in known genes) and epidemiologic or environmental factors (Hinton et al., 2010; Medda et al., 2005)
also are attributable to the difference between pGP and prevalence.

In conclusion, this is the first study that assessed congenital hypothyroidism based on general population data
and estimated CF and pGP by ethnicity. The feasibility of genetic screening for congenital hypothyroidism
may be determined by ethnicity. In particular, in comparing the pGP with the real prevalence of congenital
hypothyroidism, genetic screening in East Asian populations may be feasible in the future; this may be
caused by a higher proportion of thyroid dyshormonogenesis due the contribution of DUOX2 and DUOXAZ2



compared with other populations. The approach to obtain genomic information of a general population
would allow an additional and helpful direction for preventive medicine. However, when using genomic
information from the general population, the pathogenesis of particular diseases should be considered by
ethnic group.
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