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Abstract

This study analyzes the genetic influences of paired box gene 8 (PAX8) on Hashimoto’s
thyroiditis (HT) by examining PAXS protein structure and function. Using a computational
approach by comparing data from ClinVar and AlphaMissence databases, PAX8 variants and
their impact on protein function were classified. The research identified 33 PAXS8 genetic
variants associated with HT, focusing on their pathogenicity. ClinVar was used to document
variants, while AlphaMissense provided an additional layer of classification. Molecular models
were created to visualize how these mutations affect protein structure, using data from Protein

Data Bank and AlphaFold, refined through PyMol and InkScape. Findings revealed that 62.5%
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of pathogenic mutations were concentrated in the PAI subdomain of the Paired Box Domain,
with a smaller portion in the RED subdomain. These regions are crucial for DNA recognition,
and mutations here likely disrupt the gene’s ability to activate promoters essential for thyroid
function. Interestingly, ClinVar and AlphaMissense sometimes conflicted in their classifications
but agreed on many pathogenic variants. This study highlights the critical role of PAXS
mutations in HT development, particularly in protein stabilization. By improving the
understanding of these genetic influences, this research could contribute to more precise
diagnostic tools and targeted treatments for HT.
Keywords: Hashimoto’s thyroiditis, PAXS8, gene variants, ClinVar, AlphaMissence
Introduction

Hashimoto’s thyroiditis (HT), or hypothyroidism, is a prevailing autoimmune thyroid
disease first described by Dr. Hakaru Hashimoto in 1912 [1]. The condition most prominently
affects women, causing hormone imbalance and thyroid dysfunction, and shows increased
incidence with age [2, 3]. HT is caused by the production of antithyroid antibodies that destroy
tissues in the thyroid, leading to the symptoms of the condition [4]. Symptoms range from
asymptomatic to severe hypothyroidism in those affected and can include constipation, difficulty
concentrating or thinking, dry skin, fatigue, hair loss, depression, cold intolerance, heavy or
irregular menstrual period, and an enlarged neck or the presence of a goiter [1, 2].

Diagnosis can be tricky, and currently involves clinical data such as medical and family
history and a physical exam along with blood tests to check for high levels of thyroid stimulating
hormone (TSH) and low levels of thyroxine [4]. Standard treatment for HT involves
levothyroxine replacement therapy at about 1.4 to 1.8 mcg/kg/day, which helps to convert the

thyroid hormone into its active form [2, 4]. Triiodothyronine (T3) therapy is emerging as a
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potential treatment for HT, but there is still currently not enough evidence to support or oppose it
[2, 4].

People diagnosed with HT are more likely to develop cardiovascular issues such as high
blood pressure, high cholesterol, heart disease and heart failure [2]. HT is also linked to
myxedema, a condition where one’s body systems slow until they become potentially fatal [5].
Problems during pregnancy and tumors may also develop. It is more likely for an individual to
develop HT if they have other autoimmune disorders including type 1 diabetes, celiac disease,
rheumatoid arthritis, and systemic lupus erythematosus [6]. Although about 70% of the risk of
developing Hashimoto’s thyroiditis is a result of one’s genetic background, environmental
factors that may influence an individual’s chances include radiation exposure and an increased
1odine intake [7].

Hashimoto’s thyroiditis is affected by many genes, including HLA (human leukocyte
antigen), CTLA-4 (Cytotoxic T Lymphocyte Antigen-4), PTPN22 (Protein Tyrosine Phosphatase
Nonreceptor-Type 22), Tg (Thyroglobulin), Vitamin D receptors, and cytokine genes [8]. These
genes perform a variety of functions. HLA provides the code for producing human leukocyte
antigens, while CTLA-4 and PTPN22 function in regulating the immune system [8]. Tg codes
for an antigen specifically manufactured in the thyroid that spreads through the bloodstream [8].
Cytokine genes and vitamin D receptors are also utilized in regulating the immune response [8].

This paper aims to discuss the genetic influence on HT with a focus on the PAXS8 gene.
The PAXS gene produces a protein whose activity is regulated in the N-terminal, which has three
domains, with a binding site in the Paired Box Domain [9]. The gene is of the PAXS8
superfamily, providing a transcription factor [9]. The PAXS8 gene is utilized in both embryos and

adults, the former in helping differentiate organs and the latter in triggering thyroid hormone
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synthesis [9]. The gene itself is regulated with two types of transcription factors: thyroid
transcription factor-1 and thyroid transcription factor-2 and Hex (a transcription repressor) [9,
10].

Isoforms of the protein produced from the PAXS8 gene regulate thyroglobulin, thyrotropin
receptor genes, sodium/iodide symporter, and thyroperoxidase production [9]. Many variants
found in the PAX-8 gene (specifically in the Paired Box Domain) have been previously
connected to thyroid dysgenesis, a condition that leads to congenital hypothyroidism [9].
Congenital hypothyroidism is a condition where thyroid hormone production is deficient from
birth, and can be goitrous or nongoitrous (without a goiter) [11].

Single amino acid substitutions might affect protein folding and function [27]. Being able
to differentiate between benign and pathogenic variants is essential for treatment strategies [27].
Collecting information on the mutations involved in HT condition can lead to improved
treatment and understanding of the disease mechanism [27]

Methods

Several databases were utilized to produce results and accurate analysis. ClinVar, a
public archive perpetuated by the National Institutes of Health (NIH), is a freely available
website displaying genetic variants of humans and the impact of these mutations on conditions
[3].

ClinVar was employed to investigate variants associated with Hashimoto’s Thyroiditis,
Hypothyroidism, and Congenital Hypothyroidism. Nongoitrous congenital hypothyroidism was
included and all found mutations were documented in a table (Appendix Table 1). These variants

were then organized, examined, and linked to corresponding publications through PubMed, a
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free, public resource maintained by the National Library of Medicine (NLM); the website
provides a reputable source for biomedical literature [12].

It was then perceived that several genes were more closely linked to HT as compared to
others. From the list of impactful genes, PAX8 had the largest amount of genetic mutations
associated with HT, therefore it was selected for further analysis. The variants were also linked
to publications if applicable and their locations and effects on protein function were noted.
Protein coding variants were then placed into another database known as AlphaMissence.
AlphaMissence is a pathogenicity predicting website for amino acid substitutions developed by
Jun Cheng and colleagues [13]. Intron/UTR and exon variants were collected together into a
separate table (Supplementary Table 1). The exon variants were separated, identified and
analyzed for pathogenicity predictions, and the data collected was edited, arranged, and added to
the existing table (Table 1).

The PAXS gene was located in the Protein Data Bank (PDB), a free global website
containing thousands of structures of biological molecules, and downloaded into PyMol [14].
PyMol is a protein graphic program that allows for one to present, manipulate, and create high
quality images of molecular protein structures [15].

Each protein-coding variant was consequently highlighted in colors corresponding to its
pathogenicity. Alpha helices were coded in a pale cyan tint. Blue indicated variants that were
classified as uncertain or conflicting pathogenicity between AlphaMissense ClinVar. TV orange
correlated to variants that were uncertain or conflicting in ClinVar, but showed as likely
pathogenic in AlphaMissence. Bright red connected to variants that were pathogenic in both
databases. Dark gray referred to mutations that were uncertain or conflicting classifications in

ClinVar, but likely benign classifications in AlphaMissence. Light red or pale pink indicated
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likely pathogenic variants in both databases. Purple specified mutations that were likely benign
in both databases. Lastly, sand (a dull shade of yellow) indicated variants that were likely benign
in ClinVar and likely pathogenic in AlphaMissence. The terminals Cys45 and Cys57 were
colored in red text and colored magenta (to represent the regulator) and dark teal (to represent a
regulator that also has a corresponding pathogenic mutation).

Several of the colored variants were found to be located in regions past that displayed in
the PDB structure available. To solve the issue, a website known as AlphaFold was used.
AlphaFold is a computational algorithm that utilizes machine learning to create protein structure
predictions of biological molecules [16]. A relatively accurate model of the PAXS paired box
protein was selected and placed into PyMol, where the remaining mutations were identified and
colored accordingly.

Both protein models from PyMol were then exported as portable network graphics
(PNGs) and imported into a software known as Inkscape, a free computer program that allows
for professional rendering and high quality image exportation [17]. All of the mutations from
both of the models (from PDB and AlphaFold) were labeled and a key depicting the
representation of each color was created, leading to the formation of the images within this paper

(Figure 1-2).
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Results

Throughout the data gathering process, it was crucial to consider and collect information
about different genes and their variants that affect Hashimoto’s thyroiditis. ClinVar database was
chosen for data collection since it contains clinical data and variants for diseases and genes [3].
12 genes affecting HT were identified (Supplementary Table 1). From the respective large
number of genes, the gene with the largest amount of mutations was selected for further
examination to predict how the variants affected its function. This gene was found to be PAXS,
and all subsequent variants were examined and compiled into a table (Table 1). Next, only exon
variants were analyzed further. 33 PAXS exon variants were analyzed (Table 1). An existing
computational method, AlphaMissence, was utilized in an effort to predict functional
significance of these variants [13]. AlphaMissence is a database that uses artificial intelligence in
order to classify variant pathogenicity [13]. Comparison between Clinvar and AlphaMissence
was documented in Table 1.
Table 1
PAXS8 Exon Variants associated with Hashimoto's Thyroiditis (hypothyroidism, congenital,

nongoitrous) According to ClinVar and AlphaMissence Pathogenicity Classifications

Amino Acid
DNA Base Substitution Type ClinVar AlphaMissence Publications
Single
nucleotide
variant
(missense Benign/Likely Carvalho A et

c.985T p.Phe329Leu variant) benign Likely Pathogenic  al, 2013



https://docs.google.com/spreadsheets/d/1EHXxSxzHyinTCEo8ViZf6QWEXgHsWqgyWnPCSQQ7mBY/edit?gid=0#gid=0
https://pubmed.ncbi.nlm.nih.gov/23647375/
https://pubmed.ncbi.nlm.nih.gov/23647375/
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c.1139C

c.215G

c.1275G

c.1267A

c.1226C

c.1189G

c.1185G

p.Thr3801Ile

p.Arg72GlIn

p.Leud25 (shows

many variants in
AlphaMissence)

p.Serd423Gly

p.Pro409Arg

p.Gly397Arg

Single
nucleotide
variant
(missense
variant)

Single
nucleotide
variant
(missense
variant)

Single
nucleotide
variant
(synonymous
variant)
Single
nucleotide
variant
(missense
variant)

Single
nucleotide
variant
(missense
variant)
Single
nucleotide
variant
(missense
variant)

Single
nucleotide

p.Val395 (shows variant

many variants in
AlphaMissence)

(synonymous
variant)

Likely benign

Likely benign

Uncertain
significance

Uncertain
significance

Uncertain
significance

Uncertain
significance

Uncertain
significance

likely benign

likely pathogenic

varying significance

likely benign

uncertain
significance

likely pathogenic

No publications
found in the
database

No publications
found in the
database

No publications
found in the
database

No publications
found in the
database

No publications
found in the
database

No publications
found in the
database

No publications
found in the

varying significance database
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c.1060C

c.297C

c.858G

c.817G

c.324A

c.280G

c.441C

c.1028A

p.GIn354Glu

p.Asn99 (shows
many variants in
AlphaMissence)

p-Gly286 (shows
many variants in
AlphaMissence)

p-Asp273Asn

p.Argl08 (shows
many variants in
AlphaMissence)

p-Asp94Asn

p.Cys147 (shows
many variants in
AlphaMissence)

p.Asn343Ser

Single
nucleotide
variant
(missense
variant)

Single
nucleotide
variant
(synonymous
variant)
Single
nucleotide
variant
(synonymous
variant)
Single
nucleotide
variant
(missense
variant)
Single
nucleotide
variant
(synonymous
variant)
Single
nucleotide
variant
(missense
variant)
Single
nucleotide
variant
(synonymous
variant)
Single
nucleotide
variant
(missense
variant)

Uncertain
significance

Uncertain
significance

Uncertain
significance

Uncertain
significance

Uncertain
significance

Uncertain
significance

Uncertain
significance

Conflicting
classifications of
pathogenicity

likely benign

likely pathogenic

likely benign or

ambiguous

likely benign

likely pathogenic

likely benign

varying significance

likely benign

No publications
found in the
database

No publications
found in the
database

No publications
found in the
database

No publications
found in the
database

No publications
found in the
database

No publications
found in the
database

No publications
found in the
database

No publications
found in the
database
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c.1009T

c.346G

c.237dup

c.236C

c.205G

c.203C

c.160A

c.397C

p.Ser337Ala

p.Valllélle

p.Lys80fs (shows
many variants in
AlphaMissence)

p-Ser79Phe

p.Gly69Ser

p.Thr68lle

p.Ser54Cys

p.Argl33Trp

Single
nucleotide
variant
(missense
variant)
Single
nucleotide
variant
(missense
variant)

Duplication
(frameshift
variant)
Single
nucleotide
variant
(missense
variant)
Single
nucleotide
variant
(missense
variant)
Single
nucleotide
variant
(missense
variant)
Single
nucleotide
variant
(missense
variant)
Single
nucleotide
variant
(missense
variant)

Conflicting
classifications of
pathogenicity

Conflicting
classifications of
pathogenicity

Likely pathogenic

Likely pathogenic

Likely pathogenic

Likely pathogenic

Likely pathogenic

Pathogenic

likely benign

likely benign

Likely pathogenic

Likely pathogenic

Likely pathogenic

Likely pathogenic

Likely pathogenic

likely pathogenic

Vizcaino MA et
al, 2019

No publications
found in the
database

No publications
found in the
database

No publications
found in the
database

No publications
found in the
database

No publications
found in the
database

No publications
found in the
database

Vincenzi M et
al, 2014



https://pubmed.ncbi.nlm.nih.gov/30222900/
https://pubmed.ncbi.nlm.nih.gov/30222900/
https://pubmed.ncbi.nlm.nih.gov/25146893/
https://pubmed.ncbi.nlm.nih.gov/25146893/
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c.101T

c.119A

c.457 458del

c.322C

c.185T

c.170G

c.160A

c.143C

p.lle34Asn

p-GIn40Pro

p.Leul53 (shows
many variants in
AlphaMissence)

p-Argl08Ter

p.Leu62Arg

p.Cys57Tyr

p.-Ser54Gly

p-Ser48Phe

Single
nucleotide
variant
(missense
variant)
Single
nucleotide
variant
(missense
variant)

Deletion
(frameshift
variant)

Single
nucleotide
variant
(nonsense)

Single
nucleotide
variant
(missense
variant)

Single
nucleotide
variant
(missense
variant)
Single
nucleotide
variant
(missense
variant)
Single
nucleotide
variant
(missense
variant)

Pathogenic

Pathogenic

Pathogenic

Pathogenic

Pathogenic

Pathogenic

Pathogenic

Pathogenic

likely pathogenic

likely pathogenic

varying significance

no classification
found in database

likely pathogenic

likely pathogenic

likely pathogenic

likely pathogenic

Lanzerath K et
al, 2006

Congdon T et
al, 2001

No publications
found in the
database

Macchia PE et
al, 1998

Macchia PE et
al, 1998

Vilain C et al
2001

Meeus L et al
2004

Grasberger H et
al, 2005



https://pubmed.ncbi.nlm.nih.gov/16763387/
https://pubmed.ncbi.nlm.nih.gov/16763387/
https://pubmed.ncbi.nlm.nih.gov/11502839/
https://pubmed.ncbi.nlm.nih.gov/11502839/
https://pubmed.ncbi.nlm.nih.gov/9590296/
https://pubmed.ncbi.nlm.nih.gov/9590296/
https://pubmed.ncbi.nlm.nih.gov/9590296/
https://pubmed.ncbi.nlm.nih.gov/9590296/
https://pubmed.ncbi.nlm.nih.gov/11232006/
https://pubmed.ncbi.nlm.nih.gov/11232006/
https://pubmed.ncbi.nlm.nih.gov/15356023/
https://pubmed.ncbi.nlm.nih.gov/15356023/
https://pubmed.ncbi.nlm.nih.gov/15718293/
https://pubmed.ncbi.nlm.nih.gov/15718293/
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Single

nucleotide

variant

(missense Macchia PE et
c.92G p.Arg31His variant) Pathogenic likely pathogenic al, 1998

A protein model of the Paired Box Domain (PABD) of PAXS, found using the protein
data bank database (PDB), was uploaded into PyMol for manipulation in an attempt to examine
the location of the variants (Figure 1). The PABD contains two subdomains; RED is the C-
terminal of the PABD while PAI is the N-terminal [19]. Both subdomains are required for proper
PAXS protein recognition [ 19]. Each mutation and the alpha helices of the PABD were
subsequently colored according to a color key (Figure 1). The regulating terminals of the PABD
(Cys45 and Cys57) and all of the variants were also labeled.

Figure 1

PAXS8 Paired Box Domain With Pathogenicity Color Coded Mutations
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The solution structure of PAXS8 was downloaded from PDB (2K27). Of subdomains
shown above, RED is the C-terminal of the PABD while PAI is the N-terminal. All colors in the
figure above refer to the pathogenicity of the variant they correspond to. Darker blue corresponds
to variants which have uncertain or conflicting pathogenicities between AlphaMissence and
ClinVar. Bright red refers to pathogenic variants from both databases, while light red correlates
to likely pathogenic variants from both databases. Purple defines variants that are likely benign
in both databases, while TV orange outlines variants that are uncertain or conflicting in ClinVar,
but likely pathogenic in AlphaMissence. Similarly, dark gray illustrates variants that are
uncertain or have conflicting classifications in ClinVar, but are shown to be likely benign in
AlphaMissence. Alpha helices are shaded in pale blue, while a sand (dull yellow) color
corresponds to mutations that are likely benign in ClinVar but likely pathogenic in

AlphaMissence. Magenta (Cys45) represents a regulator while dark teal represents a regulator
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terminal that is also the location of a pathogenic variant. The regulator terminals (Cys45 and
Cys57) are marked with red text.

Figure 2

PAXS8 Protein Structure Displaying Pathogenicity Color Coded Mutations Located >158 Amino

Acids
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Protein structure was downloaded from AlphaFold (Q06710). All colors in the figure
above refer to the pathogenicity of the variant they correspond to. Darker blue corresponds to
variants which have uncertain or conflicting pathogenicities between AlphaMissence and
ClinVar. Bright red refers to pathogenic variants from both databases, while light red correlates

to likely pathogenic variants from both databases. Purple defines variants that are likely benign
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in both databases, while TV orange outlines variants that are uncertain or conflicting in ClinVar,
but likely pathogenic in AlphaMissence. Similarly, dark gray illustrates variants that are
uncertain or have conflicting classifications in ClinVar, but are shown to be likely benign in
AlphaMissence. Alpha helices are shaded in pale blue, while a sand (dull yellow) color
corresponds to mutations that are likely benign in ClinVar but likely pathogenic in
AlphaMissence. Magenta (Cys45) represents a regulator while dark teal represents a regulator
terminal that is also the location of a pathogenic variant.

The PDB file of PAXS did not have the full structure of the protein. Therefore, a model
from AlphaFold was uploaded and mutations were labeled accordingly (Figure 2). AlphaFold
utilizes artificial intelligence (AI) to conjecture the protein shape [15]. This process does not
guarantee complete accuracy in the AlphaFold projection shown, so the per-residue model
confidence score (pLDDT) demonstrates how confident the software is in its prediction by
residue (Figure 3).

Figure 3

AlphaMissence pLDDT Chart Corresponding to Figure 2
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Per-residue model confidence score (pLDDT) was downloaded from AlphaFold for
PAXS8 (Q06710).

Gene variants can be classified into several groups. Varying significance or conflicting
classification refers to a variant whose pathogenicity is controversial. Uncertain significance
refers to a variant whose pathogenicity is unknown; there may not be enough scientific research
to confirm or deny the link between diseases, or studies may be conflicting. Benign or likely
benign refers to a variant which is not disease-causing or likely not disease-causing. Pathogenic
or likely pathogenic refers to variants that are disease-causing.

33 variants for the PAXS protein were found (Table 1). Before examining their
classifications, it is important to note that the ClinVar database is heavily based on clinical data,
while the AlphaMissence database utilizes Al programs to predict pathogenicity [3, 13]. Variant
Phe329Leu was observed to be benign or likely benign according to ClinVar and likely

pathogenic according to AlphaMissence. Three variants Vall16lle, Asn343Ser, and Ser337Ala
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had conflicting classifications of pathogenicity in ClinVar, but were marked as likely benign in
AlphaMissence, while five others Ser423Gly, GIn354Glu, Asp273Asn, Asp94Asn, and Gly286
were uncertain in ClinVar and likely benign in AlphaMissence, with Gly286 being additionally
ambiguous in AlphaMissence. Thr380Ile was classified to be likely benign in both databases.
Three variants Leud425, Val395, and Cys147 were of uncertain significance in ClinVar, but had
varying significance in AlphaMissence. Pro409Arg was of uncertain significance in both
databases. Gly397Arg, Asn99, and Argl08 were uncertain in ClinVar, but predicted to be likely
pathogenic in AlphaMissence. Arg72Gln was controversial, being likely benign in ClinVar and
likely pathogenic in AlphaMissence. Five variants Lys80fs, Ser79Phe, Gly69Ser, Thr68lle, and
Ser54Cys were likely pathogenic in both databases. Leul53 was pathogenic in ClinVar and had
varying significance in AlphaMissence, while Arg108Ter was marked to be pathogenic in
ClinVar and yet was not documented in AlphaMissence. Argl133Trp, lle34Asn, GIn40Pro,
Leu62Arg, Cys57Tyr, Ser54Gly, Ser48Phe, and Arg31His were marked as pathogenic in
ClinVar and likely pathogenic in AlphaMissence.

Following the locating of variants on protein structure (Figure 1-2), it was observed that
the majority of the pathogenic mutations found were located in the alpha helices of the PAI
subdomain, with two being found in the RED subdomain and one being found at Leul53. 62.5%
(# of pathogenic mutations located inside of the PAI subdomain / # of total pathogenic mutations
x 100) of the red colored pathogenic variants were located in the PAI subdomain. Variants with
uncertain or conflicting classifications were mostly located outside of the known structure of the
PAXS protein, with the exception of variants R72 and G147. Likely benign variants in at least

one database show a similar trend, with only D94 located within the PABD.



The Princeton Journal of Interdisciplinary Research
ISSN 3069-8200

evaluated for their pathogenicity based on their location in the PAXS protein structure (Table 2).

All variants categorized as uncertain or with conflicting pathogenicity were additionally

As variants located in alpha helices were largely noted to be pathogenic in both databases,

uncertain or conflicting variants located in such alpha helices were additionally predicted to be

likely pathogenic. Variants located in intrinsically displaced (IDP) regions were evaluated to be

likely benign due to a similar pattern of benign variants being situated in these areas.

Table 2

PAXS8 Variants Classification Based on Protein Structure Localization Analysis

Amino Acid Predicted
DNA Base Substitution  ClinVar AlphaMissence  Protein Structure Pathogenicity
Conflicting IDP region
classifications outside of known
c.1028A p.Asn343Ser of pathogenicity likely benign PAXS structure  Likely benign
Conflicting IDP region
classifications outside of known
c.1009T p.Ser337Ala  of pathogenicity likely benign PAXS structure  Likely benign
p.Leud25
(shows many
variants in IDP region
AlphaMissenc Uncertain varying outside of known
c.1275G e) significance significance PAXS structure  Likely benign
IDP region
Uncertain outside of known
c.1267A p-Serd23Gly  significance likely benign PAXS structure  Likely benign
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IDP region
Uncertain uncertain outside of known
c.1226C p.Pro409Arg  significance significance PAXS structure  Likely benign

IDP region
Uncertain outside of known
c.1189G p-Gly397Arg significance likely pathogenic PAXS structure  Likely benign

p.Val395
(shows many
variants in IDP region
AlphaMissenc Uncertain varying outside of known
c.1185G e) significance significance PAXS structure  Likely benign

IDP region
Uncertain outside of known
c.1060C p-GIn354Glu  significance likely benign PAXS structure  Likely benign

Conflicting IDP region
classifications within the
c.346G p-Valllélle  of pathogenicity likely benign PABD. Likely benign
p.Asn99
(shows many
variants in
AlphaMissenc Uncertain Alpha helix in  Likely
c.297C e) significance likely pathogenic RED subdomain pathogenic
p.Gly286
(shows many
variants in IDP region
AlphaMissenc Uncertain likely benign or  outside of known

c.858G e) significance ambiguous PAXS structure  Likely benign
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c.817G

c.324A

c.280G

c.441C

p.-Asp273Asn

p.Argl08
(shows many
variants in
AlphaMissenc

e)

p.-Asp94Asn

p.Cys147
(shows many
variants in
AlphaMissenc

e)

Uncertain
significance

Uncertain
significance

Uncertain
significance

Uncertain
significance

likely benign

likely pathogenic

likely benign

varying
significance

IDP region
outside of known
PAXS structure

Alpha helix in
RED subdomain

Alpha helix in
RED subdomain

IDP region
within the
PABD.

Likely benign

Likely
pathogenic

Likely
pathogenic

Likely benign
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Discussion

Hashimoto’s thyroiditis (HT) is a prominent autoimmune thyroid disease that causes
hormone imbalance and thyroid dysfunction [1, 2, 3]. A search of the ClinVar database showed
that the following genes CEP128, CTLA4, DUOX2, IGSF1, IRS4, LOC126806316, PAXS,
NKX2-5, TG, TPO, TSHR, and ZFAT are involved in Hashimoto’s Thyroiditis (Supplementary
Table 1). There are several variants identified for each gene. These variants are changes in the
genomic sequence that may or may not influence the activity of the resulting protein [27].
Knowledge about variants can help to understand the foundation of a disease and alleviate the
pain of those suffering from it by targeting the specific error in the body [27]. The focus of this
research is on the PAXS8 gene, as it displayed the largest amount of variants of the genes
analyzed. The 33 variants examined within the bounds of this paper are all presented in the
PAXS protein [27].

It is known that the PAI and RED subdomains in the PAXS proteins are its N and C
terminals respectively, and interact together to allow a proper DNA recognition [19]. It was
found that the PAI subdomain approximately binds to bases 7-15 of the binding site of the Tg
gene promoter, while the RED subdomain approximately binds to bases 16-24. The RED
subdomain in particular is essential for proper recognition of the PAI subdomain and it interacts
first with the DNA during the process of binding [19].

Figure 1 shows all found exon mutations of PAXS8 labeled and colored for pathogenicity;
it was perceived that the majority of pathogenic mutations are located in the alpha helices of
these subdomains. Other proteins have also similarly been influenced by mutations in their alpha
helices. For example, ion transporters have reported to show different pathogenic variants within

their alpha helices, and five different protein classes have shown pathogenic variants
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congregated in their alpha helices as well [30]. Additionally, p.Arg156Pro, a variant located in an
alpha-helix of proteins lamin A and lamin C, has been suggested as a cause of hereditary dilated
cardiomyopathy [31]. It is also known that alpha helices tend to carry more mutations than beta
strands [32].

It is likely that the mutations interfere with DNA recognition of the PAXS protein. PAXS8
protein recognition to DNA is vital to ensure proper regulation of thyroperoxidase,
thyroglobulin, thyrotropin receptor genes, and sodium/iodide symporter production [9]. One
mutation Cys57Tyr is located on C57, a residue that constitutes one of the two regulatory
terminals in the PAI subdomain [9]. This mutation is pathogenic, pointing to signs that the
condition is related to DNA recognition of the PAXS protein; a study previously suggested that
Cys57Tyr interferes with binding, causing TPO promoter affiliated gene transcription to become
impractical [21].

It is known that GIn40Pro, the pathogenic variant, impairs the protein’s ability to bind to
a response element and hinders trans-activation of a thyroid peroxidase promoter luciferase
reporter gene [20]. The variant is located in exon 3 and displays a heterozygous transversion of
119A to C, leading to the conserved glutamine at the carboxyl terminus of the first alpha helix of
the paired box domain to be replaced with proline [20]. Cys57Tyr is yet another pathogenic
variant that has been speculated to severely interfere with the DNA recognition of the PAXS8
protein and thus make impossible the transcription of a TPO promoter affiliated gene [21]. The
mutation is found within the PAI subdomain at the verge of the third alpha helix [21]. The third
alpha helix is particularly used to recognize DNA, and directly connects to the DNA binding site
at base pairs 4-8. Cys57 itself fits with a thymidine and guanine through Van der Waals

interactions and hydrogen bonds respectively at base pairs 7 and 8 [21]. Pathogenic variant
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Ser54Gly displays an inability for the mutant protein to bind to its thyroperoxidase gene
promoter [22]. Such a variant also suffers the loss to transactivate thyroglobulin promoters or
enhancers due to an incapability to work with Titfl [22]. The glycine replaces a highly conserved
serine found in all investigated PAX proteins, located in the amino-terminal homeodomain motif
linking the second and third alpha helices of the PAI subdomain [22]. Argl08Ter is indicated to
be a pathogenic de novo mutation found in exon 3 that truncates the paired box domain early in
the RED subdomain, leading to high levels of Tg [23]. Leu62Arg, another pathogenic variant,
supports a strong connection to thyroid gland reduction [23]. Pathogenic variant Arg31His,
located in exon 2, resulted in congenital hypothyroidism (thyroid hypoplasia), from very high
levels of TSH and very low levels of T4 [23]. Phe329Leu also displays an inability to bind to the
TPO promoter binding DNA sequence; however is classified as benign or likely benign in
ClinVar and likely pathogenic in AlphaMissence [24]. The variant is located in exon 2 [24]. It
has also been suggested in the past that exon 3 of the PAXS gene plays a significant role in
hypothyroidism, where proper transcription and translation of the protein are hindered from
variants [25].

It is known that Thr380Ile is classified as likely benign in both ClinVar and
AlphaMissence, and is located in the intrinsically disordered protein (IDP) region beyond the
known structure of the PAXS protein (Figure 2). Mutations classified as uncertain in ClinVar but
described as likely benign in AlphaMissence are D94, Q354, N343, S337, D273, S423, G286,
and F329. The mutations are all located outside of the PABD except for D94, which is located
within an alpha helix of the RED subdomain (Figure 2). Variants with uncertain or conflicting
pathogenicity in ClinVar and AlphaMissence include G147, R72, L425, P409, and V395. Of

this, only R72 is located within the PABD (Paired Box Domain). Variants depicted as uncertain
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or conflicting in ClinVar but likely pathogenic in AlphaMissence include N99, S54, and G397.
Of this, G397 is located outside of the PABD while N99 and S54 reside with the PABD.
Mutations that were found to be likely pathogenic in both databases include N99, S54 (both are
within the PABD) and G397. The location of such variants, the majority of the uncertain,
varying, and likely benign mutations being outside of the PABD implies that these regions are
less involved in the DNA binding of the PAXS protein and mutations located here are therefore
less likely to significantly affect protein function and structure. However, the existence of likely
pathogenic mutation G397 being located outside the PABD demonstrates how these regions do
affect the overall protein function despite not being affiliated with the PABD themselves.

The PAXS protein itself is thought to be a transcription factor related to the activation of
Tg and TPO genes that binds to their promoter sites and is compulsory for the survival of thyroid
precursor cells [26, 28]. As mentioned above, the PAI and RED subdomains themselves
cooperate together to correctly bind to DNA [19]. One can observe how these mutations all
interfere with the PAXS protein’s ability to recognize DNA. Mutations located in the alpha
helices especially are more likely to be pathogenic than those located in the IDP region of the
PAXS protein. This connecting fact was also the basis for the classification of variants in Table
2, where variants located in the IDP regions were listed as likely benign and those in the alpha
helices as likely pathogenic.

These results are consistent with these previous studies that have shown how symptoms
of Hashimoto’s Thyroiditis or hypothyroidism have been linked to PAXS8’s inability to correctly
bind to DNA [20, 21, 22, 23, 24, 25]. These findings could provide connecting insights between
existing theories about HT and its connection to the PAXS protein. The project was intended to

coherently correlate and compile findings between PAX8 and HT and form a defined connection
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with reason as to how and why the protein affects the disease. It is important to acknowledge that
the disease is at least somewhat partially related to the mutant type PAX8’s inability to bind
correctly to DNA and stimulate TPO and Tg production. Thus, treatments of HT assisting PAXS8
in this binding would likely be more effective. In the future, experiments on the variants
documented in this paper and their effect on the protein’s function could be considered.

This work also demonstrates the differences between ClinVar and AlphaMissence, two
publicly used databases. ClinVar is dependent on clinical data while AlphaMissence predicts
variant pathogenicity through the use of artificial intelligence [3, 13]. ClinVar provides more
information per variant including conditions, genes, while AlphaMissence predicts pathogenicity
of missense variants [3, 13]. Pathogenic variant Argl08Ter in ClinVar was not found in the
AlphaMissence database.

It shall be noted that this paper has its limitations as there were no means to
experimentally check the variants. All data was taken from the databases ClinVar and
AlphaMissence. This means conclusions rely on reported clinical data and computational
predictions. Therefore, conclusions drawn have not been validated with experimental data for
any variant in this paper. The original PDB structure that has been experimentally determined
displayed largely only the Paired Box Domain of the protein. Due to some variants being located
further away in the protein than available in the PDB protein structure, AlphaFold was utilized
for a predictional structure of the PAX8 gene, a website that employs artificial intelligence to
estimate a protein’s structure [14]. This allowed for the visualization of the variants located
further away. Although AlphaFold utilizes advanced machine-learning algorithms, its predictions
are not guaranteed to match the actual protein’s structure. The AlphaFold structure was utilized

within the bounds of this paper to visualize all of the variants, but no conclusion can be drawn
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related to protein structure from the AlphaFold generated models that is reliable enough to use in
future papers. However, the Paired Box Domain PDB structure is far more accurate and can be
utilized in future papers.

Additionally, this paper highlights a highly probable interpretation of the collected and
analyzed data, but requires test data to confirm listed conclusions. Future research should
incorporate biochemical or cellular methods of determining each variant’s inability to bind to the
PAXS8 domain and the effect of mutated PAX8 on Hashimoto’s Thyroiditis. Such research may
confirm the hypotheses presented in this paper and aid in determining the role of the PAXS gene
in the disease of Hashimoto’s Thyroiditis. Examining how thyroid hormone synthesis or
regulation is affected by the mutated PAX8 gene is also a promising method of understanding
PAXS’s relevance to Hashimoto’s Thyroiditis. It is also advised to utilize and experimentally
check the methods in this paper to other genes that play roles in HT. By understanding each
gene’s effect on HT, it is easier to find and target the exact issue when determining treatment

strategies or creating drugs to alleviate the symptoms of or cure HT entirely.
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Conclusion

This study shows the significant role of PAXS8 gene and its mutations in Hashimoto’s
thyroiditis. By comparing data from ClinVar and AlphaMissence, the location of various PAXS8
mutations and their effect on protein structure and function were better understood. Comparison
between two databases ClinVar and AlphaMissence showed differences in pathogenicity
classification. The findings reinforce the hypothesis that the clinical results of HT can be
partially caused by the PAXS8 protein being unable to properly bind to DNA. This research helps
to connect what has already been learned regarding PAXS8 and HT, lay a foundation for future
investigations into the results of these mutations and provide a start for more targeted treatment

and diagnosis.
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Appendix

All Found ClinVar Mutations Related to Hashimoto’s Thyroiditis

Appendix Table 1

Variants Associated with Hashimoto’s Thyroiditis based on ClinVar

Amino Acid
DNA Base Substitution Gene Type Condition Classification Publications
Hypothyroidis
Single nucleotide m due to TSH
CEP128, variant receptor Benign/Likel Peeters RP et
c.106G p.Asp36His TSHR  (missense variant) mutations y benign al, 2006
Conflicting No
Single nucleotide classification publications
p.-Aspl53As variant Hashimoto s of found in the
c.457G n CTLA4 (missense variant) thyroiditis pathogenicity database
Single nucleotide No
variant publications
(splice acceptor ~ Congenital Likely found in the
c.3416-1G DUOX2 variant) hypothyroidism pathogenic  database
No
Single nucleotide publications
variant Congenital Uncertain found in the
c.3416-7C DUOX2 (intron variant) hypothyroidism significance database
X-linked central No
Single nucleotide congenital publications
c.2041+24 variant hypothyroidism found in the
G IGSF1  (intron variant) with late-onset Benign database
X-linked central No
Deletion congenital publications
c.2042- (splice acceptor ~ hypothyroidism Likely found in the
1 _2042del IGSF1  variant) with late-onset pathogenic  database
X-linked central No
Single nucleotide congenital publications
variant hypothyroidism Likely found in the
c.1614G  p.Trp538Ter IGSF1  (nonsense) with late-onset Pathogenic  database
X-linked central No
Single nucleotide congenital publications
p-Argl264Te variant hypothyroidism found in the
c.3790C r IGSF1  (nonsense) with late-onset Pathogenic  database
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c.3581dup

c.3550C

c.2916G

c.2573C

c.2303T

c.2268dup

c.2233del

2123 21
49del

c.1814 18
36dup

¢.2407dup

p.Glul195fs IGSF1

p-Argl184Te

r IGSF1

p-Trp972Ter 1IGSFI

p-Ser858Phe IGSF1

p.Leu768Pro IGSF1

p.-Arg757fs  1IGSF1
p.Glu745fs  IGSF1
p.Ala708 Ly
s716del IGSF1
p.Arg613deli
nsGlyArgThr
Ter IGSF1
p.His803fs  IGSFI

Duplication
(frameshift
variant)

Single nucleotide
variant
(nonsense)

Single nucleotide
variant
(nonsense)

Single nucleotide
variant
(missense variant)

Single nucleotide
variant
(missense variant)

Duplication
(frameshift
variant)

Deletion
(frameshift
variant)

Deletion
(inframe_deletion)

Duplication
(nonsense)

Duplication
(frameshift
variant)

X-linked central
congenital
hypothyroidism
with late-onset
X-linked central
congenital
hypothyroidism
with late-onset Pathogenic
X-linked central

congenital

hypothyroidism

with late-onset Pathogenic
X-linked central

congenital

hypothyroidism

with late-onset Pathogenic
X-linked central

congenital

hypothyroidism

with late-onset Pathogenic
X-linked central

congenital

hypothyroidism

with late-onset Pathogenic
X-linked central
congenital
hypothyroidism
with late-onset
X-linked central
congenital
hypothyroidism
with late-onset
X-linked central
congenital
hypothyroidism
with late-onset Pathogenic
X-linked central
congenital
hypothyroidism ikely

with late-onset pathogenic

Pathogenic

Pathogenic

Pathogenic

Pathogenic/L

Sun Y etal,
2012

Nakamura A
etal, 2013

Sun Y et al,
2012

Sun Y et al,
2012

Roche EF et
al, 2018

Tenenbaum-
Rakover Y et
al, 2016

Sun Y etal,
2012

Sun Y etal,
2012

No
publications
found in the
database

No
publications
found in the
database



https://pubmed.ncbi.nlm.nih.gov/23143598/
https://pubmed.ncbi.nlm.nih.gov/23143598/
https://pubmed.ncbi.nlm.nih.gov/23966245/
https://pubmed.ncbi.nlm.nih.gov/23966245/
https://pubmed.ncbi.nlm.nih.gov/23143598/
https://pubmed.ncbi.nlm.nih.gov/23143598/
https://pubmed.ncbi.nlm.nih.gov/23143598/
https://pubmed.ncbi.nlm.nih.gov/23143598/
https://pubmed.ncbi.nlm.nih.gov/30086211/
https://pubmed.ncbi.nlm.nih.gov/30086211/
https://pubmed.ncbi.nlm.nih.gov/27310681/
https://pubmed.ncbi.nlm.nih.gov/27310681/
https://pubmed.ncbi.nlm.nih.gov/27310681/
https://pubmed.ncbi.nlm.nih.gov/23143598/
https://pubmed.ncbi.nlm.nih.gov/23143598/
https://pubmed.ncbi.nlm.nih.gov/23143598/
https://pubmed.ncbi.nlm.nih.gov/23143598/

The Princeton Journal of Interdisciplinary Research
ISSN 3069-8200

c.3813T

c.3669C

c.3467T

c.3061G

c.2050C

c.1672C

¢.2635C
c.3161 31
65del

c.1772dup

c.709G

c.658C
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variant
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database
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database
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c.*1006A
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PAXS

LOC126
806316,
PAXS

LOC126
806316,
PAXS

NKX2-5

PAXS

PAXS

PAXS

PAXS

PAXS

PAXS

Single nucleotide
variant
(missense variant)

Single nucleotide
variant
(missense variant)

Single nucleotide
variant
(missense variant)
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variant +2 more)

Single nucleotide
variant

(3 prime UTR
variant)

Single nucleotide
variant

(3 prime UTR
variant)

Single nucleotide
variant

(3 prime UTR
variant)

Single nucleotide
variant

(3 prime UTR
variant)

Single nucleotide
variant

(3 prime UTR
variant)

Single nucleotide
variant

(3 prime UTR
variant)

Hypothyroidis
m, congenital,
nongoitrous

Hypothyroidis
m, congenital,
nongoitrous

Hypothyroidis
m, congenital,
nongoitrous

Hypothyroidis
m, congenital,
nongoitrous

Hypothyroidis
m, congenital,
nongoitrous

Hypothyroidis
m, congenital,
nongoitrous

Hypothyroidis
m, congenital,
nongoitrous

Hypothyroidis
m, congenital,
nongoitrous

Hypothyroidis
m, congenital,
nongoitrous

Hypothyroidis
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nongoitrous
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significance

Uncertain
significance
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significance
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Benign

Benign

Benign
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publications
found in the
database
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publications
found in the
database
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publications
found in the
database
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found in the
database
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publications
found in the
database
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publications
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database
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PAXS
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Single nucleotide
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+2 more)

Single nucleotide
variant
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variant)
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variant
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+1 more)

Single nucleotide
variant
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+2 more)

Single nucleotide
variant

(3 prime UTR
variant)

Single nucleotide
variant
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+1 more)

Single nucleotide
variant
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variant)
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variant

(3 prime UTR
variant)
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nongoitrous

Hypothyroidis
m, congenital,
nongoitrous

Hypothyroidis
m, congenital,
nongoitrous

Hypothyroidis
m, congenital,
nongoitrous

Hypothyroidis
m, congenital,
nongoitrous

Hypothyroidis
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nongoitrous
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nongoitrous
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m, congenital,
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Uncertain found in the
significance database
No
publications
Uncertain found in the
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PAXS

PAXS
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variant)
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nongoitrous

Hypothyroidis
m, congenital,
nongoitrous

Uncertain
significance

Uncertain
significance

Uncertain
significance

Uncertain
significance

Uncertain
significance

Uncertain
significance

Uncertain
significance

Uncertain
significance

Uncertain
significance

Uncertain
significance

No
publications
found in the
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PAXS
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variant)

Single nucleotide
variant
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(3 prime UTR

variant)

Single nucleotide

variant

(missense variant)

Single nucleotide

variant

Autoimmune
thyroid disease

Autoimmune
thyroid disease

Autoimmune
thyroid disease

Autoimmune
thyroid disease

Congenital
hypothyroidism

Congenital
hypothyroidism

Congenital
hypothyroidism
Hypothyroidis
m due to TSH
receptor
mutations

Congenital
hypothyroidism
Hypothyroidis
m due to TSH
receptor
mutations
Hypothyroidis
m due to TSH
receptor

(missense variant) mutations

risk factor

Uncertain
significance

Uncertain
significance

Uncertain
significance

Conflicting
classification
s of

Stefan M et
al, 2011

No
publications
found in the
database

No
publications
found in the
database

No
publications
found in the
database

No
publications
found in the

pathogenicity database

Likely
pathogenic

Pathogenic

Uncertain
significance

Uncertain
significance

Conlflicting
classification
s of

No
publications
found in the
database

No
publications
found in the
database

No
publications
found in the
database

No
publications
found in the
database

No
publications
found in the

pathogenicity database

Conflicting
classification
s of

No
publications
found in the

pathogenicity database
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c.1170T

c.1207G

c.1582C

c.1777del

c.1960A

c.500T

c.970C

c.1217 12
34delinsC
ACG

c.1228G

p.Val448lle TSHR

p.Cys390Trp TSHR

p.Asp403As

n TSHR

p-Arg528Cys TSHR

p.Ala593fs

TSHR

p-Ile654Phe

TSHR

p.llel67Asn TSHR

p.GIn324Ter TSHR

p.Asn406fs TSHR
p.-Asp410As
n TSHR

Single nucleotide
variant
(missense variant)

Single nucleotide
variant
(missense variant)

Single nucleotide
variant
(missense variant)

Single nucleotide
variant
(missense variant)

Deletion
(frameshift
variant)

Single nucleotide
variant
(missense variant)

Single nucleotide
variant
(missense variant)

Single nucleotide
variant
(nonsense)

Indel
(frameshift
variant)

Single nucleotide
variant
(missense variant)

Hypothyroidis
m due to TSH
receptor
mutations
Hypothyroidis
m due to TSH
receptor
mutations
Hypothyroidis
m due to TSH
receptor
mutations
Hypothyroidis
m due to TSH
receptor
mutations
Hypothyroidis
m due to TSH
receptor
mutations
Hypothyroidis
m due to TSH
receptor
mutations
Hypothyroidis
m due to TSH
receptor
mutations
Hypothyroidis
m due to TSH
receptor
mutations
Hypothyroidis
m due to TSH
receptor
mutations
Hypothyroidis
m due to TSH
receptor
mutations
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s of

found in the

pathogenicity database

Likely
pathogenic

Likely
pathogenic

Likely
pathogenic

Likely
pathogenic

Likely

pathogenic

Pathogenic

Pathogenic

Pathogenic

Pathogenic

Beibermann
H et al, 1997

No
publications
found in the
database

Kara C et al,
2023
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publications
found in the
database
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publications
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Sunthornthep
varakul T et
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de Roux N et
al, 1996

Beibermann
H et al, 1997

de Roux N et
al, 1996
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c.1348del

c.1400T

c.1430C

c.1575C

c.1798T

c.1839C

c.418del

c.1963 19

64del

c.1191G

c.2475+24
72T

p.Arg4d50fs

TSHR

p.Leud467Pro TSHR

TSHR

p-Thrd771le

p.Phe525Leu TSHR

p.Cys600Arg TSHR

p-Tyr613Ter TSHR

p-Met140fs TSHR
p.Thr655fs  TSHR
p.Val397 TSHR

ZFAT

Deletion
(frameshift
variant)

Single nucleotide

variant

(missense variant)

Single nucleotide

variant

(missense variant)

Single nucleotide

variant

(missense variant)

Single nucleotide

variant

(missense variant)

Single nucleotide

variant
(nonsense)

Deletion
(frameshift
variant)
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(frameshift
variant)

Single nucleotide

variant
(synonymous
variant)

Single nucleotide

variant
(intron variant)

Hypothyroidis
m due to TSH
receptor
mutations
Hypothyroidis
m due to TSH
receptor
mutations
Hypothyroidis
m due to TSH
receptor
mutations
Hypothyroidis
m due to TSH
receptor
mutations
Hypothyroidis
m due to TSH
receptor
mutations
Hypothyroidis
m due to TSH
receptor
mutations
Hypothyroidis
m due to TSH
receptor
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Hypothyroidis
m due to TSH
receptor
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receptor
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thyroid disease
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Pathogenic

Pathogenic

Pathogenic
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ikely
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ikely
pathogenic

Uncertain
significance
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Park KS,
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Alberti L et
al, 2002

Tonacchera
M et al, 2000

de Roux N et
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Alberti L et
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de Roux N et
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Calebiro D et
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Shirasawa S
et al, 2004



https://pubmed.ncbi.nlm.nih.gov/34200080/
https://pubmed.ncbi.nlm.nih.gov/34200080/
https://pubmed.ncbi.nlm.nih.gov/12050212/
https://pubmed.ncbi.nlm.nih.gov/12050212/
https://pubmed.ncbi.nlm.nih.gov/10720030/
https://pubmed.ncbi.nlm.nih.gov/10720030/
https://pubmed.ncbi.nlm.nih.gov/8964822/
https://pubmed.ncbi.nlm.nih.gov/8964822/
https://pubmed.ncbi.nlm.nih.gov/12050212/
https://pubmed.ncbi.nlm.nih.gov/12050212/
https://pubmed.ncbi.nlm.nih.gov/8954020/
https://pubmed.ncbi.nlm.nih.gov/8954020/
https://pubmed.ncbi.nlm.nih.gov/22049173/
https://pubmed.ncbi.nlm.nih.gov/22049173/
https://pubmed.ncbi.nlm.nih.gov/15294872/
https://pubmed.ncbi.nlm.nih.gov/15294872/

The Princeton Journal of Interdisciplinary Research
ISSN 3069-8200

Single nucleotide No
variant publications
(missense variant Autoimmune  Uncertain found in the

c.1199G  p.Arg4d00GIn ZFAT  +1 more) thyroid disease significance database




