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Abstract

Background: This study explores repetitive Clustered Regularly Interspaced Short Pal-
indromic Repeats (CRISPR) sequences from the archaea Acidianus sp. and Acidianus
ambivalens (A. ambivalens), as well as from the bacterium Yersinia ruckeri (Y. ruckeri).
These sequences are compared with human microRNA (miRNA) sequences to investi-
gate potential genetic similarities and disease associations.

Methods: CRISPR sequences were retrieved from the CRISPR/Cas** database, and
human miRNA sequences were obtained from miRBase. Sequence alignments were
performed using BLASTn with an E-value threshold of 1e-5 to identify significant simi-
larities. Genes associated with matched human miRNAs were identified through the
HGNC and GeneCards databases. Further analyses included comparison with disease-
associated miRNAs reported in human and mouse datasets.

Results: In Y. ruckeri, alignments revealed similarities to miRNAs linked with genes
such as FOXO1, PTEN, PAX7, and DOCKS3, which are associated with lung cancer and
muscular dystrophies. In A. ambivalens, aligned miRNAs corresponded to loci includ-
ing CHM13 and GRCh38, potentially linked to periembolic adenocarcinoma and mild
pre-eclampsia. For Acidianus sp., matches were observed with miRNAs associated with
genes like Irak2, NOS2, STAT1, and Numb, which have been implicated in Psoriatic ar-
thritis, Alzheimer’s disease, Hepatocellular carcinoma, and Coronary artery disease.
Conclusion: CRISPR sequences from these prokaryotes show notable similarities with
human miRNAs, suggesting possible indirect links to genes involved in major diseases.
These preliminary findings emphasize the need for further investigation into shared se-
quence motifs and their functional roles in host-pathogen interactions or evolutionary
biology.
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Introduction

Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR) and their associated Cas proteins
constitute an adaptive immune system in bacteria and
archaea, providing defense against mobile genetic ele-
ments such as phages and plasmids . Since their dis-
covery in Escherichia coli (E. coli) by Ishino et al in
1987 5 (Figure 1), CRISPR/Cas systems have collected
significant scientific interest due to their configurable
functionality and broad applications in genome editing
and molecular biology.

Despite extensive research into the classification,
structure, and function of CRISPR arrays in prokary-

Copyright © 2025, Avicenna Journal of Medlical Biotechnology

otes, limited knowledge exists regarding the presence
or potential analogs of these systems in eukaryotic mi-
croorganisms. The current body of literature has large-
ly overlooked the possibility of CRISPR-like repetitive
elements in unicellular eukaryotes, leaving a critical
gap in our understanding of their evolutionary and
functional relevance °.

This study seeks to address this gap by systematical-
ly comparing CRISPR repeat sequences from bacterial
and archaeal genomes with sequence elements identi-
fied in eukaryotic microorganisms. We hypothesize
that specific repetitive motifs or structural analogs may
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Figure 1. Crystallographic studies have shown that Cas9 consists of
two main lobes: a recognition lobe and a nuclease lobe. The binding
of guide RNA to target DNA induces the formation of a positively
charged groove at the interface of these lobes °.

be present in eukaryotic genomes, potentially shedding
light on the evolutionary origins of CRISPR-like sys-
tems.

To explore this hypothesis, CRISPR sequences were
obtained from the CRISPR/Cas™ database, while hu-
man miRNA sequences were retrieved from the miR-
Base repository. Sequence alignments were performed
using BLASTn with an E-value threshold of 1e-5 to
detect statistically significant similarities. These com-
putational approaches enabled a comparative analysis
of sequence features across diverse domains of life,
thereby forming the basis for our evolutionary investi-
gation.

A significant advancement in the understanding of
CRISPR loci occurred in 1995 when a scientist from
the University of Italy identified repetitive DNA struc-
tures in the genome of an archaeal organism, revealing
similarities to those previously described in bacterial
genomes %11, This observation led to the early hypoth-
esis that such sequences contain foreign DNA frag-
ments and function as part of an adaptive immune sys-
tem in both bacteria and archaea 24, Since then, the
CRISPR-Cas system has been increasingly recognized
as a powerful defense mechanism and genetic tool.
CRISPR loci exhibit a high degree of polymorphism
across bacterial strains, including pathogenic species,
which has enabled their application in microbial typing
and clinical diagnostics. Among the major CRISPR
systems, CRISPR-Casl2a is distinguished by its re-
cognition of T-rich PAM sequences, expanding its util-
ity for genome editing in regions inaccessible to
CRISPR/Cas9 Y7, The CRISPR/Cas9 system itself
originates from a natural bacterial defense mechanism.
During viral infection, bacteria incorporate short DNA
fragments of the invader into their genome, forming
CRISPR arrays. These sequences are then transcribed
into crRNAs, which guide the Cas9 endonuclease to
target and cleave matching sequences in invading
DNA, thereby neutralizing the threat 1820,

CRISPR-Cas systems are categorized into two ma-
jor classes, six types, and 33 subtypes. Class 1(types I,
I, 1V) includes systems with multi-protein effector
complexes, while Class 2 (types Il, V, VI) contains
single multidomain effector proteins such as Cas9,
which is characteristic of type Il systems found pre-
dominantly in bacteria 224, However, the classification
of CRISPR-Cas systems is complicated by the emer-
gence of hybrid loci formed through extensive recom-
bination events. These hybrid systems often defy
standard classification despite containing canonical
Cas genes. Furthermore, multiple CRISPR-Cas sys-
tems may coexist within a single genome, and even
strains of the same species may carry distinct system
types 2°.

Many CRISPR-Cas loci are embedded in genomic
islands that also encode mobile genetic elements such
as transposases, toxin-antitoxin modules, and various
defense-related genes. The distribution of CRISPR
types is non-uniform among microorganisms: type Il
systems have been detected only in bacteria, while type
Il systems are more common in archaea. This pattern
is consistent with earlier findings that suggest CRISPR
systems are generally more prevalent in archaeal line-
ages than in bacterial ones 26-3°,

Despite the promise of CRISPR/Cas9 for antimicro-
bial applications, one of the significant limitations is
the challenge of effective delivery into bacterial cells.
While plasmid-based electroporation remains the dom-
inant method for introducing CRISPR components in
vitro, it is often impractical for in vivo use 5%,

Currently, three primary formats are employed for
CRISPR delivery: (1) plasmids encoding both Cas9
and sgRNA, offering a stable DNA-based platform but
requiring nuclear entry (Figure 2); (2) RNA-based ap-
proaches using sgRNA and mRNA encoding Cas9,
which are safer and do not integrate into the host ge-
nome; and (3) preassembled Cas9 protein-sgRNA
complexes (RNA-AP format), which minimize integra-
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Figure 2. The CRISPR system utilizes a single guide RNA (sgRNA)
composed of a target-matching sequence and an activating region
that recruits Cas9. This complex precisely induces double-strand
breaks at specific genomic sites, leading to gene disruption. Owing
to its high accuracy and efficiency, CRISPR is widely adopted in
molecular biology and genetic engineering.
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Table 1. The three types of transmission for the CRISPR/Cas9 system and their characteristics °

Delivery formats Delivery payloads

Advantages

Limitations

DNA CRISPR/Cas9 Plasmid
mRNA Cas9 mRNA and sgRNA

Protein Cas9/sgRNA complex

Most simple and stable
Faster and lower off-target effects

Rapid and significant reaction off-target effect,
toxicity and immune response

Higher off-target effects, low efficiency
Vulnerable, unstable

Difficult to obtain, Risk of permanent
integration into the host

tion risks and can be directly functional (Table 1).

Although the CRISPR-Cas system has been exten-
sively studied for its role in microbial immunity and
gene editing, its potential evolutionary or functional
relationship with eukaryotic small RNAs such as mi-
croRNAs (miRNAs) remains largely unstudied. There-
fore, this study aims to investigate the sequence simi-
larities between CRISPR loci in archaea and bacteria
and eukaryotic miRNAs, with the objective to uncover
potential evolutionary links or functional convergence
between these RNA-based regulatory systems.

Materials and Methods

CRISPR/Cas** server

In the present study, the CRISPR/Cas™ tool (ver-
sion 1.1.2, 2021, 12BC) was utilized to extract repeti-
tive sequences from prokaryotic genomes. From a pool
of 100 randomly selected prokaryotic species, se-
quences corresponding to 20 genes and 20 species of
bacteria, as well as 20 genera and 20 types of archaea,
were retrieved using the miRBase database. These re-
petitive sequences were subsequently compared with
eukaryotic microRNAs obtained from the same data-
base to identify potential sequence similarities. The
analysis revealed that only three eukaryotic mi-
croRNAs exhibited similarity to the prokaryotic se-
quences_ specifically, one gene from a bacterial spe-
cies and one gene from two archaeal species, suggest-
ing a potential role in inter-domain biological commu-
nication. It is also noteworthy that some bacterial
strains lacked identifiable CRISPR or Cas elements, as
reported by the CRISPR/Cas** tool (Table 2).

miRBase server

The key features of miRBase are designed to
achieve five main objectives: (1) To establish a stand-
ardized naming system for microRNAs; (2) To collect
and curate all known microRNA sequences; (3) To
provide both human-and machine-readable information
for each microRNA,; (4) To offer basic supporting evi-
dence for each microRNA (5) and to integrate and pro-
vide information regarding microRNA target interac-
tions.

The latest published version (version 22) of miR-
Base contains information on 38,589 microRNA pre-
cursors and 48,860 mature microRNA sequences from
271 different species. Additionally, the database in-
cludes 1,493 small RNA sequencing datasets, encom-
passing more than 5.5 billion reads mapped to mi-
croRNAs.
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Table 2. Sequences related to bacteria and archaea were obtained using
the CRISPR-Cas™ server

Archaea

Acidianus ambivalens

Acidianus hospitalis W1

Acidianus manzaensis YN-2 5
Acidianus sp. HS-5

Acidianus sulfidivorans Jp7
Acidilobus saccharovorans 345-15
Aciduliprofundum boone |

Aeropyrum camini SY1

Aeropyrum pernix K1

Archaeoglobus fulgidus DSM
Caldisphaera lagunensis DSM 1590 8
Methanococcoides methylutens MM1
Archaeoglobus sulfaticallidusPM70-1
Archaeoglobus veneficus SNP6

- Caldisphaera lagunensis

Caldivirga maquilingensis IC-167
Candidatus Aenigmarchaeota archaeo n
Methanococcoides sp. LMO-1
Haloarcula hispanica (euryarchaeotes)
archaeon GW2011_AR15

Sequence CP045482.1
Sequence CP002535.1
Sequence CP020477.1
Sequence AP025245.1
Sequence CP029288.2
Sequence CP001742.1
Sequence CP001941.1
Sequence AP012489.1
Sequence BA000002.3
Sequence AE000782.1
Sequence CP003378.1
Sequence CP009518.1
Sequence CP005290.1
Sequence CP002588.1
SequenceNR_102472.1
Sequence CP000852.1
Sequence CP070804.1

Sequence NZ-CP073710.1

Sequence CP002922.1
Sequence CP010425.1

Bacteria

Yersinia pestis (Y. pestis)

Y. pestis Pestoides G

Y. pestis A1122

Y. pestis Pestoides

Achromobacter deleyi

Zymomonas mobilis subsp. Pomaceae
Achromobacter xylosoxidans (b-proteo-
bacteria

Absiella argi (firmicutes)

Acetobacter aceti (a-proteobactera)
Acetobacter ascendens

Y. enterocolitica

Yersinia ruckeri (enterobacteria) 17Y015
Zymomonas mobilis subsp.

Acetobacter aceti NBRC 14818
Acanthopleuribacteraceae bacterium
Acetobacter aceti

Acidovorax carolinensis

Acanthopleuribacteraceae bacterium
M133

Francisella tularensis subsp

Sequence CP064122.2
Sequence CP010247.1
Sequence CP009840.1
Sequence CP009715.1
Sequence CP065997.1

Sequence CP002866.1
Sequence CP006818.1

Sequence AP019695.1
Sequence AP023326.1
Sequence AP023326.1
Sequence CP009367.1
Sequence CP084649.1
Sequence CP002865.1
Sequence AP023410.1
Sequence CP071793.1
Sequence AP023326.1
Sequence CP021369.1

Sequence CP071793.1
Sequence AM233362.1

NCBI server

The National Center for Biotechnology Information
(NCBI), part of the National Library of Medicine
(NLM), has implemented initial updates to several of


https://www.ncbi.nlm.nih.gov/nuccore/CP045482.1
https://www.ncbi.nlm.nih.gov/nuccore/CP002535.1
https://www.ncbi.nlm.nih.gov/nuccore/CP020477.1
https://www.ncbi.nlm.nih.gov/nuccore/CP029288.2
https://www.ncbi.nlm.nih.gov/nuccore/CP001742.1
https://www.ncbi.nlm.nih.gov/nuccore/CP001941.1
https://www.ncbi.nlm.nih.gov/nuccore/AP012489.1
https://www.ncbi.nlm.nih.gov/nuccore/BA000002.3
https://www.ncbi.nlm.nih.gov/nuccore/AE000782.1
https://www.ncbi.nlm.nih.gov/nuccore/CP003378.1
https://www.ncbi.nlm.nih.gov/nuccore/CP009518.1
https://www.ncbi.nlm.nih.gov/nuccore/CP005290.1
https://www.ncbi.nlm.nih.gov/nuccore/CP002588.1
https://www.ncbi.nlm.nih.gov/nuccore/CP000852.1
https://www.ncbi.nlm.nih.gov/nuccore/CP070804.1
https://www.ncbi.nlm.nih.gov/nuccore/CP002922.1
https://www.ncbi.nlm.nih.gov/nuccore/CP010425.1
https://www.ncbi.nlm.nih.gov/nuccore/CP064122.2
https://www.ncbi.nlm.nih.gov/nuccore/CP010247.1
https://www.ncbi.nlm.nih.gov/nuccore/CP009840.1
https://www.ncbi.nlm.nih.gov/nuccore/CP009715.1
https://www.ncbi.nlm.nih.gov/nuccore/CP065997.1
https://www.ncbi.nlm.nih.gov/nuccore/CP002866.1
https://www.ncbi.nlm.nih.gov/nuccore/CP006818.1
https://www.ncbi.nlm.nih.gov/nuccore/AP019695.1
https://www.ncbi.nlm.nih.gov/nuccore/AP023326.1
https://www.ncbi.nlm.nih.gov/nuccore/AP023326.1
https://www.ncbi.nlm.nih.gov/nuccore/CP009367.1
https://www.ncbi.nlm.nih.gov/nuccore/CP084649.1
https://www.ncbi.nlm.nih.gov/nuccore/CP002865.1
https://www.ncbi.nlm.nih.gov/nuccore/AP023410.1
https://www.ncbi.nlm.nih.gov/nuccore/CP071793.1
https://www.ncbi.nlm.nih.gov/nuccore/AP023326.1
https://www.ncbi.nlm.nih.gov/nuccore/CP021369.1
https://www.ncbi.nlm.nih.gov/nuccore/CP071793.1
https://www.ncbi.nlm.nih.gov/nuccore/AM233362.1
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its services to support NIH-funded researchers and
institutions in complying with the 2024 NIH Public
Access Policy, which took effect on July 1, 2025. As
part of this effort, and using tools available on the
NCBI platform (version 3.42.0), the similarity index
and degree of sequence conservation among repetitive
elements from two archaeal species and their related

N

100 sequences selected @

view | Pairwise

v | ["] cpsfeature @ [Restore defaults]

micro-organisms were analyzed. The comparative
analysis results are shown in (Figure 3). Through the
use of the NCBI server and by entering the target gene,
information regarding its function and the organisms in
which it is found was obtained.

HUGO gene server
HUGOgene is a widely used platform for examining

Download
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Canis lupus familiaris breed Labrador retriever chromosome 16a

nis lupus familiaris br rador retriever chromosome 1

Eptesicus fuscus microRNA mir-486 (MIR486). microRNA

Homo sapiens ankyrin 1 (ANK1), RefS on 8

Saimiri JH378263_837 miRNA, complete sequence
Saimiri boliviensis precursor JH378263_838 miRNA, complete sequence

JH378263 839 miRNA complete

Saimi

Pan paniscus microRNA mir-486-1 (MIR486-1), microRNA
Pan paniscus precursor scf1120388623444 6265 miRNA,_complete

Equus caballus genome assembly 27
PREDICTED: Rattus norvegicus ankyrin 1 (Ank1). transcript variant X9 mRNA
Micromys minutus genome assembly. chromosome: 14

genome assembly. 14

TPA: Homo sapiens microRNA hsa-miR-486-3p

Tupaia chinensis microRNA mir-486 (MIR486)_microRNA

[CHCE<NH<H<HN<H<N<H<N<N<NN<

Canis lupus familiaris microRNA mir-486 (MIR486). microRNA
PREDICTED: Prionailurus viverrinus ankyrin 1 (ANK1)_ transcript variant X10_ mRNA

Gorilla gorilla gorilla microRNA mir-486 (MIR486). microRNA
Homo sapiens microRNA 486-2 (MIR486-2)_ microRNA
Homo sapiens chromosome 8 WGS contig WGS_CEU_AC113133.5_13474 genomic sequence
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Download v Select coll
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core Score Cover wvalue Ident
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Canis lupus fa 421 842 100% 069 100.00% 54760087 CP050618 1
Eptesicys fuscus 421 842 100% 069 100.00% 84 NR_129130.2
Homo sapiens 421 842 100% 069 100.00% 250538 NG_0128202
Saimiri boliviensis 42.1 421 100% 069 100.00% 60 MF191249 1
Saimiri boliviensis 421 823 100% 069 100.00% 64 MF191248 1
Saimiri boliviensis 421 823 100% 069 100.00% 64  MF191247.1
Pan paniscus 421 823 100% 069 100.00% 64 NR_163122.1
Pan paniscus 421 823 100% 069 100.00% 64 MF190643 1
Equuscaballus 421 842 100% 069 100.00% 40048872 020142722
Rattus norvegicus 421 823 100% 069 100.00% 11747 XM 0632754471
Micromys minutus 421 823 100% 069 100.00% 59629713 0Z004794.1
Muscardinus av... 421 842 100% 0.69 100.00% 93121218 QY726571.1
Homo sapiens 421 421 100% 069 100.00% 21 LM380379.1
Tupaia chinensis 421 823 100% 069 100.00% 62 NR 1294391
Canis lupus fa. 421 823 100% 069 100.00% 64 NR_128722.1
Prionailurus viv. 421 842 100% 069 100.00% 4667  XM_047855059 1
Gorilla gorilla g 421 842 100% 069 100.00% 112 NR_106362.1
Homo sapiens 421 823 100% 069 100.00% 64 NR_106984.1
Homo sapiens 421 421 100% 069 100.00% 67 KF511071.1

Figure 3. Obtaining the similarities of repetitive sequences in prokaryotes with other organisms, as well as determining the index.
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and analyzing genetic variants, genome sequences, and
DNA sequence data. Key features of this server in-
clude: (1) Genetic data analysis; (2) Variant investiga-
tion; (3) Genetic disease diagnosis; (4) Gene and pro-
tein identification and characterization.

The HUGO Gene Nomenclature Committee
(HGNC) is responsible for assigning a unique and ide-
ally meaningful name and symbol to every human
gene. The HGNC database currently contains over
24,000 publicly accessible records, each providing ap-
proved gene nomenclature and associated gene infor-
mation. Recently, the HGNC database was relocated to
the European Bioinformatics Institute (EBI). It now
offers direct access to various integrated resources,
including the searchable HGNC database, the HCOP
orthology prediction tool, and manually curated gene
family web pages.

In this study, the HUGOgene was used to query a
variety of genes and vary their scientifically accepted
and officially approved names.

GeneCards server

For over two decades, GeneCards has served as a
comprehensive gene-centric database, automatically
mining and integrating information from a wide range
of data sources. This process results in a web-based
card for each of the tens of thousands of human genes.
Developed and maintained by the Department of Mo-
lecular Genetics at the Weizmann Institute of Science,
GeneCards was established in 1997 with the goal of
unifying fragmented genetic information from various
specialized databases into a coherent and accessible
resource. In the present study, utilizing GeneCards at
the RNA center, key information regarding the target
gene was obtained, including its chromosomal location,
exon-intron structure, and potential associations with
human diseases.

Results

In this study, the findings focus on three prokaryotic

CUUCACUGCCGCACAGGCAGCUCAGCUCAGAA

Examples: mature mmu-let-7g hairpin hsa-mir-105-1

Similar sequences >

Text search within resul

Table 3. microRNAs accession numbers

Human microRNAs Accession number

MIMAT0004762
MIMAT0004
MIMATO0003145

hsa-miR-486-3p
hsa-miR-146a
hsa-miR-519e-5p

Sort by E-value (min to max) - defaul v

species: one bacterial and two archaeal. Initially, the
repetitive sequences of these species were identified
using the CRISPR/Cas system and then compared with
repetitive sequences from human microRNASs obtained
from the miRBase database. The comparison aimed to
identify similarities between bacterial and human mi-
croRNAs. Table 3 presents detailed information on
several human microRNAs identified during this pro-
cess. The first column lists the microRNAs, each la-
beled with the prefix-hsa (Human sapiens), while the
second column provides their unique accession num-
bers from the miRBase database, shown as MIMAT
codes, which are essential for accurate identification.

Yersinia ruckeri (Y. ruckeri)

Initially, Yersinia bacteria were submitted to the
CRISPR/Cas** server, where their repetitive sequence
were obtained. Following this, human microRNAs
similar to the identified sequences were determined
using the miRBase server (Figure 4). On the other
hand, the multi-gene card server includes genes such as
FOXO1, PAX7, PTEN, and DOCKS3, which are in-
volved in these microRNAs. Additionally, several dis-
eases are associated with these microRNAs, including
lung cancer, muscular dystrophy, and Duchenne mus-
cular dystrophy (Table 4 and Figure 5). According to
NCBI, sequence IDs are mentioned in supplementary
figures S1-S4.

The FOXO1 gene belongs to the forkhead family of
transcription factors, characterized by a conserved
forkhead domain. Although its exact function is not yet
fully understood, FOXOL1 is believed to play a role in

£ Upload file

Up to 50 queries &

Hide alignments See details

Download
RNA types Homo sapiens (human) microRNA hsa-mir-486 precursor (hsa-mir-486-1)
pre miRNA (9) 68 nucleotides
miRNA (2) Query 15 AGGCAGCUCAGCUCAG 30
(LRRRARAN Y
Sbjct 48 GGGCAGCUCAGUACAG 63
Organisms

Figure 4. Human miRNAs similar to the Yersinia ruckeri bacterial sequence were identified using the miRBase server.
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Table 4. Overview of Yersinia ruckeri (Y. ruckeri) species, their similarity to human genes, and related diseases

. CUUCACUGCCG-
Y. ruckeri

CACAGGCAGCUCAGAAA

Homo sapiens (human) hsa-miR-
486-3p 21 nucleotides

FOXO1
Lung cancer

Genes
Human disease

Similarity with other animals Mouse

Query 16 GGCAGCUCAGA 26

CGGGGCAGCUCAGUACAGGAU LT

Subject 4 GGCAGCUCAGU 14

PTEN PAX7 DOCK3
Duchenne disease Muscular dystrophy
Monkey Horse Fox

MIR486-1 (MicroRNA 486-1) is an RNA Gene, and is affilated with the miRNA class. Diseases associated with MIR486-1 include Lung Cancer and Muscular Dystrophy, Duchenne Type.
Among its related pathways are Cell differentiation - expanded index and miRs in Muscle Cell Differentiation.

Rfam classification for MIR486-1 Gene
» microRNA mir-486 RF00784

Additional gene information for MIR486-1 Gene

Mature hsa-miR-486-5p

Accession MIMAT

Description wons hsa-miR-486-5p mature mIRNA

Sequence 4 - UCCUGUACUGAGCUGCCCCGAG - 25

Evidence experimental
Hlumina (1)

Database links <RNA R TissueAtas

O [TifgEVie  mil.DB

Predicted targets

References

1. PubMed ID: 17604727

Amammalian microRNA expression atlas based on small RNA library sequencing

Mature hsa-miR-486-3p

Accession MIMAT0004762

Description Homo sapiens hsa-miR-486-3p mature mIRNA

Sequence 46 - CGGGGCAGCUCAGUACAGGAU - 66
Evidence expenmental
Ulumina (1]

Database links RNA K TissueAtas

Ot [iigeMie  mil DB

Predicted targets
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Identification of human fetal liver miRNAs by a novel method
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Figure 5. Involves retrieving microRNA accession numbers and identifying related human diseases.

the regulation of cellular growth and differentiation.
Genetic alterations in this gene have been associated
with the development of alveolar rhabdomyosarcoma.
In this study, the gene of interest was compared with
its mutated variant using the BLAST tool, and the re-
sults are illustrated in figure S1. The findings suggest
that FOXO1 may be involved in mitogen-induced
growth and differentiation. To further investigate, the
gene's FASTA sequence was retrieved and subjected to
BLAST analysis, which revealed several mutations
linked to human diseases.

A comparative analysis between the wild-type and
mutated forms of the gene indicated that approximately
20% of disease-associated mutations in humans are
localized within the FOXO1 gene. These pathogenic
mutations were identified using the BLAST+ (version
2.11.0) server, specifically through BLASTn, which
was employed throughout this study for similarity
searches using the gene's FASTA format.

The PAX gene belongs to the transcription factor
family and is typically characterized by the presence of
a paired box domain, an octapeptide, and a homeodo-
main. Members of this gene family are known to play
critical roles in embryonic development and cancer
progression. Although the precise biological function
of PAX7 is not yet fully understood, it is hypothesized
to function as a tumor suppressor, particularly due to
its fusion with members of the alveolar forkhead fami-
ly. PAX7 is believed to contribute to both fetal growth
and development and tumorigenesis.

Multiple mutations have been identified within the
PAX7 gene, many of which are associated with human
diseases, possibly due to sequence similarities with
other genes. According to data retrieved from the
NCBI database, comparative analysis between the [l
standard and mutated forms of the gene revealed that
approximately 40-60% of the mutations occurring in
PAXT are pathogenic.
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These mutations were identified using the BLAST+
(version 2.11.0) server, with BLASTn format, and the
results are presented in figure S2.

PTEN has been widely recognized as a tumor sup-
pressor gene in various types of cancers, primarily due
to the function of its encoded protein, which acts as a
phosphatidylinositol-4,5-bisphosphate  3-phosphatase.
This protein contains a tensin-like domain and a cata-
lytic domain that resembles those found in dual-
specificity protein phosphatases. Unlike many protein
tyrosine phosphatases, the PTEN protein preferentially
dephosphorylates phosphoinositide substrates. By re-
ducing intracellular levels of phosphatidylinositol-4,5-
bisphosphate, it negatively regulates key signaling
pathways, thereby exerting its tumor suppressor func-
tion (Figure S3).

To identify pathogenic mutations, the BLAST serv-
er (version 2.11.0+) was used. Throughout this study,
BLASTnN was employed for all sequence comparisons.
Similarity searches were conducted using the FASTA
format of the PTEN gene.

DOCKS3 is selectively expressed in the central nerv-
ous system and encodes a member of the Guanine nu-
cleotide Exchange Factor (GEF) family. The encoded
protein, also known as cytokine 3, functions both as a
regulator of cell adhesion and as a presenilin-binding
protein. It facilitates axonal growth within the central
nervous system by promoting membrane trafficking
and activating G proteins (Figure S4).

Pathogenic mutations in this gene were identified
using the BLAST server (version 2.11.0+). Throughout
this study, BLASTn was utilized for all sequence anal-
yses. Similarity searches were conducted using the
FASTA format of the DOCKS gene.

Acidianus ambivalens (A. ambivalens)

In the first instance, by inputting A. ambivalens into
the CRISPR/Cas™ server, its repeated sequence was
obtained. After obtaining the repeated sequence of A.
ambivalens, using the miRBase server, human mi-
croRNAs similar to the mentioned sequences were
identified.

According to the multi-gene card server, the
GRCH38 and CHM13 genes are involved in these mic-
roRNAs, and four types of diseases can also be as-
sociated with these microRNAs. Such as adenocarcino-
ma of lung, thyroid neoplasms, stomach neoplasms
and, uterine cervical neoplasms, which are related to
these microRNAs, were identified (Table 5). Accord-
ing to NCBI, sequence IDs are listed in supplementary

figures S5-S7.

The CFH gene, as annotated in the CHM13 ge-
nome, encodes a secreted protein that belongs to the
complement factor H protein family. This protein
interacts with Pseudomonas aeruginosa elongation
factor Thf, in conjunction with plasminogen, which
subsequently undergoes proteolytic activation. It has
been proposed that Tuf functions as a virulence factor
by recruiting host proteins to the bacterial surface,
thereby modulating complement activity and facilit-
ating tissue invasion. Mutations in the CFH gene have
been associated with an increased risk of atypical
Hemolytic-Uremic Syndrome (aHUS) [RefSeq, Oct
2009].

To identify pathogenic mutations, the BLAST+
v2.11.0 server was used, with BLASTn employed for
the analysis. Similarity searches were conducted using
the FASTA format of the CFH gene sequence. The
results are illustrated in figure S6.

The TP53 gene, as annotated in the GRCh/hg38
reference genome, encodes a tumor suppressor protein
that contains transcriptional activation, DNA-binding,
and oligomerization domains. This protein plays a
critical role in responding to various cellular stress
signals by regulating the expression of target genes
involved in cycle arrest, apoptosis, senescence, DNA
repair, and metabolic processes.

Mutations in TP53 are associated with numerous
human cancers, including hereditary cancer syndromes
such as Li-Fraumeni syndrome. Alternative splicing
events and the use of alternate promoters result in
multiple transcript variants and protein isoforms.
Furthermore, additional isoforms may arise from the
use of alternative translation initiation codons within
the same transcript variants (PMIDs: 12032546,
20937277) [RefSeq, Dec 2016].

This gene has also been reported to be associated
with the microRNA as mentioned above. To identify
potential pathogenic mutations, the BLAST+ v2.11.0
server was used, employing the BLASTn algorithm
throughout the study. Sequence similarity searches
were performed using the FASTA format of the TP53
gene. The results are presented in figure S7.

Acidianus S.P

Initially, the sequence of archaea was obtained by-
inputting it into the CRISPR/Cas** server. These mi-
croRNAs are linked to several human diseases, includ-
ing rheumatoid arthritis, Alzheimer's disease, thyroid
cancer, and carcinoma. Using the GeneCards server,

Table 5. Summary of Acidianus ambivalens (A. ambivalens), similarity to human microorganisms, genes involved in this microorganism,
and associated diseases

A. ambivalens

GTTGCATCCCAAAAGGGATTGAAAG

Homo sapiens (human) hsa-miR-519e-5p
22 nucleotides

Genes

Diseases in human

GRCH38
Adenocarcinoma of lung
Stomach neoplasms

Query 9 CCAAAAGGGA 18

UUCUCCAAAAGGGAGCACUUUC (i

Subject 5 CCAAAAGGGA 14
CHM13

Thyroid neoplasms
Uterine cervical neoplasms
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Table 6. A summary of archaea repetitive sequences, their similarity to human microRNAs, the genes associated with these microRNAs,
and the related diseases is provided

Acidianus sp. (cernarchaeotes)

CTTTCAGTTCTTCCTTATTTCA

Homo sapiens (human) hsa-
miR-146a-3p

Genes

Diseases associated with human

Mouse-related diseases

CCUCUGAAAUUCAGUUCUUCA

Query 1 CCUCUGAAAUUCAGUUC 17

G
Subject 1 CCUCUGAAAUUCAGUUC 17

Irak2, Ifng, NOS2, Hipk3, Numb, STAT1

Psoriatic arthritiss/Rheumatoid arthritis/Alzheimer's disease/Hepatocellular carcinoma/Thyroid
cancer/Endogenous coronary artery disease

Endocrine and exocrine glands/Disturbance in growth and body size/Homeostasis and metabo-

lism/Cell death (senescence)

the genes involved in these microRNAs and the diseas-
es associated with them were identified. According to
the results, the server highlighted the following genes:
Irak2, NOS2, Hipk3, Numb, and STAT1. Further details
are provided below.

Psoriatic arthritis is a disease characterized by joint
inflammation (arthritis) that is often associated with a
skin condition called psoriasis. It is a chronic inflam-
matory disease marked by patches of red, irritated skin,
usually covered with scaly, white crusts. People with
this condition may also experience changes in their
fingernails and toenails, such as pitting, thickening,
crumbling, or separation from the nail bed.

Rheumatoid arthritis is an autoimmune disorder
characterized by pain, swelling, stiffness, and joint
damage. While it can affect any joint, it most common-
ly impacts the wrists and fingers. This condition is
more prevalent in women than men and typically onset
in middle age. Rheumatoid arthritis development is
influenced by a combination of genetic factors, envi-
ronmental triggers, and hormonal changes. Treatment
strategies include pharmacological interventions, life-
style modifications, and surgical options, all of which
aim to alleviate symptoms, reduce pain and swelling,
and slow disease progression.

Non-medullary thyroid cancer refers to malignan-
cies originating from follicular cells, which represent
more than 95% of all thyroid cancer cases. Cancers
arising from parafollicular cells are comparatively rare.
Hepatocellular carcinoma is the most prevalent form of
primary malignant liver tumor, ranking as the fifth
most common cancer globally and the third leading
cause of cancer-related mortality. The primary risk
factors for hepatocellular carcinoma include chronic
infection with hepatitis B or C viruses, prolonged ex-
posure to aflatoxin-contaminated food, and excessive
alcohol consumption. Hepatoblastoma, which consti-
tutes 1-2% of pediatric malignant neoplasms, predomi-
nantly affects children under the age of three (Table 6)
(Figures 6 and 7). According to NCBI, sequence IDs
were mentioned in supplementary figures S8-S13.

STAT1 functions as a key activator within various
signaling pathways and is encoded by the STAT1 gene.
This protein is activated by interferons a and vy, as well
as by Epidermal Growth Factor (EGF). STAT1 plays a
crucial role in the immune response against a range of
pathogens, including viruses, fungi, and mycobacteria,
and is also involved in signaling responses to cytokines
and growth factors. Upon activation, STAT1 undergoes
phosphorylation, resulting in the formation of homo-or

[Aliases] Disorders Domains Drugs Expression Function Genomics Localization Orthologs
Paralogs Pathways Products Proteins Publications Sources Summaries Transcripts Variants
Antibodies Assays Proteins Inhib. RNA CRISPR miRNA Drugs Cell Lines Clones
Primers
53, GTUSFTS99TZ, GLUSPTSIBY, GCUSF T60a70
Search aliases for MIR146A gene in PubMed and other databases
Summaries for MIR146A Gene o
NCBI Gene Summary for MIR146A Gene (§

microRNAs (miRNAs) are short (20-24 nt) non-coding RNAs that are involved in post-transcriptional regul.

of gene expi in multicellular org: by affecting both the stability and translation of mRNAs. miRNASs are
transcribed by RNA polymerase Il as part of capped and polyadenylated primary transcripts (pri-miRNAs) that can be either protein-coding or non-coding. The primary transcript is cleaved by the Drosha ribonuclease Iil enzyme
to produce an approximately 70-nt stem-loop precursor miRNA (pre-miRNA), which is further cleaved by the cytoplasmic Dicer ribonuclease to generate the mature miRNA and antisense miRNA star (miRNA®) products. The
mature miRNA is incorporated into a RNA-induced silencing complex (RISC), which recognizes target mRNAs through imperfect base pairing with the miRNA and most commonly results in translational inhibition or
destabilization of the target mRNA. Some of the targets of the encoded miRNA are the transcripts for tumor necrosis factor, interleukin 1 receptor-associated kinase 1, interleukin 1-beta, TNF receptor-associated factor 6, and

complement factor H. The RefSeq represents the predicted microRNA stem-loop. [provided by RefSeq, Sep 2015]

GeneCards S y for MIR146A Gene

MIR146A (MicroRNA 1462) is an RNA Gene, and is affiliated with the miRNA class. Diseases associated with MIR146A include Psoriatic Art

r's Disease. Among its related pathways are Toll-like receptor signaling

pathway and ApoE and miR-146 in inflammation and atherosclerosis.

Gene Wiki entry for MIR146A Gene (5

Additional gene information for MIR146A Gene

IMIM® (61C

HGNC (3153 (406938) Ensembl (ENSG00000283733 )566) Open Targets Platform(ENSGO0000283733

Monarch Initiative

Alliance of Genome Resources

Search for MIR146A at DataMed
Search for MIR146A at HumanCy

No data available for CIVIC Summary , UniProtKB/Swiss-Prot Summary , Tocris Summary , PharmGKB Summary , Rfam classification and piRNA Summary for MIR146A Gene

Figure 6. A summary of has-miR146a is provided, along with supporting evidence and its corresponding accession number.

Avicenna Journal of Medical Biotechnology, Vol. 17, No. 4, October-December 2025

265



266

CRISPR Sequences in Prokaryotes

Stem-loop hsa-mir-146a

Accession  MI0000477

Description Homo sapiens hsa-mir-146a precursor miRNA

Summary

Symbol HGNC: MIR146A

Caution, this is an Al generated summary based on literature. This may have errors. °

MIR146A, a microRNA, plays a crucial role in various biological processes, including chondrogenesis, where its absence in knockout MSCs confirmed its function
[PMC10110697). It also exhibits a protective role in diabetic nephropathy and influences lung structure and function through its downstream targets [PMC5354466;
PMC10129905].). MIR146A directly targets STAT1, impacting its expression and activation [PMC3125934], and its expression levels are notably altered in various diseases
such as lupus nephritis and esophageal squamous-cell cancer [PMC9013931; PMC6301302].. Variants within the MIR146A gene promoter may affect its expression
[PMC9078850], suggesting potential therapeutic applications in MSC-based osteoarthritis therapy [PMC10110697]. Moreover, MIR146A is implicated in the immune respons
as it is differentially expressed between naive and memory T cells and is induced by TCR stimulation [PMC4641946). It also acts as a negative regulator of NFkB by
suppressing TRAF6, highlighting its anti-inflammatory potential which could be harnessed using engineered exosomes for therapeutic delivery [PMC6651735; PMC992268

Literature

search - 749 open access papers mention hsa-mir-146a

(6781 sentences)

(click the @) icon to the left of a disorder to see descriptions and symptoms)

Filter: (16 results) See all 16 »

Rheumatoid Arthritis % 1 63 137

Publications Sources

ses adsid Doma Urugs
Paralogs Pathways Products Proteins
Antibodies Assays Proteins Inhib. RNA
Primers
AlaCards 16 diseases for MIR146A Gene - From: miR2Disease, GeneCards, and DISEASES o
o caea

Summaries Transcripts Variants

CRISPR miRNA Drugs Cell Lines Clones
Aliases PubMed IDs

Psoriatic Arthritis, Susceptibility To A 1 publication(s) ¥
Psoriatic Arthropathy
Arthropathic Psoriasis

Seeall 12»

Alzheimer Disease W 2 publication(s) v
Familial Alzheimer Disease

Alzheimers Dementia

See all 18 »

Papillary Thyroid Carcinoma R 2 publication(s) ¥
Papillary Carcinoma Of Thyroid

NMTCY

See all 26 »

m

Arthritis, Rheumatoid
Rheumatoid Arthritis, Susceptibility To
Seeall 7 »

er Cancer

Figure 7. Several human diseases are associated with this microRNA, according to data from the GeneCards database.

heterodimers, often involving other STAT family
members and associated kinases (Figure S8).

To identify pathogenic mutations, the BLAST+
v2.11.0 server was used, with the BLASTn algorithm
applied throughout the study. Similarity searches were
conducted using the FASTA sequence format of the
STAT1 gene.

The protein Irak2 encoded by this gene belongs to
the STATL1 protein family, which, in response to cyto-
kines and growth factors, undergoes phosphorylation
by receptor-associated kinases. These phosphorylated
proteins subsequently form stable homo- or heterodi-
mers, which are translocated to the cell nucleus, where
they function as transcriptional activators. The encoded
protein can be activated by a variety of ligands, includ-
ing interferons alpha and gamma, interleukin-6, EGF,
and Platelet-Derived Growth Factor (PDGF). This pro-
tein plays a critical role in regulating the expression of
genes essential for cell survival in response to various
cellular stimuli and pathogens, and it is vital in mediat-
ing immune responses to infections caused by patho-

gens, viruses, and mycobacteria. Mutations in this gene
have been linked to immunodeficiency (Figure S9). To
identify pathogenic mutations, the BLAST+ v2.11.0
server was used, with the BLASTn algorithm applied
throughout the study. Similarity searches were con-
ducted using the FASTA sequence format of the Irak2
gene.

NOTCHL1 encodes a protein that is a member of a
family of membrane-bound proteins, characterized by
structural features such as an extracellular domain
composed of multiple EGF repeats and an intracellular
domain containing several distinct domain types. This
gene is a key component of an evolutionarily con-
served intercellular signaling pathway that governs the
interactions between neighboring cells (Figure S10).
Pathogenic mutations were identified using the BLAST
server (BLAST+ version 2.11.0). All analyses in this
study were conducted using the BLASTn algorithm.
Similarity searches were performed based on the FAS-
TA format of the target gene.
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Table 7. BLAST-based analysis showing sequence identity, coverage, and E-values for bacterial and
archaeal species aligned with the target gene

Bacteria/Archaebacteria Per. ldentity Query cover E-value
Acidianus s.p 100% 100% le-5
Yersinia ruckeri 99% 96% le-5
Acidianus ambivalens 100% 84% le-5

Nitric oxide, also known as NOS, is an active free
radical that serves as a biological mediator in various
physiological processes, including neurotransmission,
antimicrobial defense, and antitumor activity. This
gene encodes a nitric oxide synthase enzyme that is
primarily expressed in the liver and is upregulated by
lipopolysaccharides and specific cytokines (Figure
S11). Pathogenic mutations were identified using the
BLAST server (BLAST+ wversion 2.11.0). The
BLASTn algorithm was employed throughout the
study. Sequence similarity searches were conducted
using the FASTA format of the gene.

The Hipk3 gene activates serine/threonine kinase ac-
tivity and negatively regulates the kinase. By analyzing
the sequence of the healthy gene and comparing it with
the defective one, it was determined that nearly 30% of
the mutations occurred in the faulty gene (Figure S12).
Pathogenic mutations were identified through analyses
performed on the BLAST server (BLAST+ v2.11.0).
All similarity searches in this study utilized the
BLASTN algorithm, with queries conducted using the
FASTA format of the target gene.

The final gene, Numb, is involved in the regulation
of cell fate determination during development. The
protein encoded by this gene undergoes degradation in
a proteasome-dependent manner, facilitated by a mem-
brane-bound protein (Figure S13). Pathogenic muta-
tions were identified using the BLAST server
(BLAST+ v2.11.0), with all analyses conducted using
the BLASTnN algorithm. Sequence similarity searches
were performed based on the gene's FASTA-formatted
sequence.

Finally, the E-values (set to 1e-5), identity percent-
ages, and query coverage provided by the respective
servers support the purported sequence similarities
(Table 7).

Discussion

About ten years ago, the emergence of CRISPR
marked a significant turning point in the field of ge-
nome editing, suggesting a more precise and cost-
effective alternative to earlier methods. By studying
and engineering Cas enzymes derived from different
bacterial species, the technology rapidly advanced,
gaining impressive versatility in a relatively short time.
This quick evolution has accelerated scientific re-
search, allowing researchers worldwide to investigate a
wide range of biological processes with greater accura-
cy and depth.

Despite its many benefits, CRISPR also presents
several challenges, including variable editing efficien-
cy, reliance on clonal selection, and the risk of off-
target effects. These issues are particularly relevant in
cancer research, where tumor heterogeneity compli-
cates the isolation of CRISPR-modified clones. Cells
with different drug responses or stages of differentia-
tion may be lost during selection, making it challeng-
ing to generate models that accurately reflect the com-
plexity of the original tumor.

Even so, CRISPR has already established itself as
an invaluable tool for studying the molecular basis of
cancer and for dissecting the interactions between spe-
cific pathways and genes. So, it is expected to play an
increasingly important role in both basic and transla-
tional research. Further studies will likely refine CRIS-
PR's utility in probing in vivo biological mechanisms
using more advanced, clinically relevant models. Addi-
tionally, its applications are expected to expand in are-
as such as adoptive cell therapies, which are becoming
central to both cancer treatment and the management of
degenerative diseases *.

It is critical to emphasize that the findings of this
study are based on computational analyses using public
databases and sequence alignment tools. Although
these in silico approaches can provide valuable prelim-
inary insights into the possible similarities between
CRISPR loci and human microRNAs, they are no sub-
stitute for laboratory confirmation. Experimental vali-
dation or functional tests are necessary to confirm the
biological significance and functional implications of
these observed similarities. Without such validation,
the results should be interpreted with caution, as they
may be affected by the quality of the databases or the
algorithmic limitations of BLAST and other bioinfor-
matics tools. Therefore, future studies should incorpo-
rate laboratory-based experiments to substantiate the
computational predictions of this study and increase
the robustness of the results.

Given that some of these sequences align with hu-
man microRNAs and are associated with mutations in
disease-related genes, this area of research holds con-
siderable promise. It raises crucial questions about
cross-domain interactions and warrants further investi-
gations to understand its implications for human health
better.

Conclusion
Given the complexity and highly dynamic evolution
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Table 8. Summary of the examined bacterial names, their repetitive sequences, corresponding microRNA sequences, and their similarity using
CRISPR/Cas™, miRBase, and BLAST sites

microRNA

BLAST

Bactria/Archaea CRISPR Sequences
Yersinia ruckeri CTTCACTGCCG-
(enterobacteria) CACAGGCAGCTCAGAAA

Acidianus

CTTTCAGTTCTTCCTTATTTCAA
sp.(crenarchaeote)

Acidianus

B GTTGCATCCCAAAAGGGATTGAAAG
ambivalens

Homo sapiens hsa-miR-486-3p
21 nucleotides

Homo sapiens hsa-miR-146-3P
22 nucleotides

Homo sapiens hsa-miR-519e-5p
22 nucleotides

Query 16 GGCAGCUCAGA 26
(I
Subject 4 GGCAGCUCAGU 14
Query 1 CCUCUGAAAUUCAGUUC 17
(I
Subject 1 CCUCUGAAAUUCAGUUC 17
Query 9 CCAAAAGGGA 18

(i
Subject 5 CCAAAAGGGA 14

Human-related diseases

Involved genes Bacteria, Archaea

Lung cancer, muscular dystrophy, and Duchenne disease

Muild peri-eclampsia, periembolic adenocarcinoma

psoriatic arthritis, rheumatoid arthritis, Alzheimer's disease, thyroid cancer, liver

cancer, and Endocrine Corner's disease

FOXO1, PTEN, PAX7, DOCK3 Yersinia ruckeri

CHM13, GRCH38 Acidianus ambivalens

Irak2, NOS2, Hipk3, STAT1 Acidianus s.p

of CRISPR/Cas9 systems, attempting to classify them
based on a single criterion—such as the phylogenetic
analysis of Casl—would be inadequate and potentially
misleading. A comprehensive classification requires
consideration of multiple factors to reflect the diversity
and functional variability of these systems accurately.
In this study, the repetitive sequence of Y. ruckeri and
two different species of archaebacterium, Acidianus,
were obtained using the CRISPR/Cas9 system. Similar
microRNAs from humans and animals, as identified on
the miRBase site, were then compared with these se-
quences, and the degree of similarity with microRNAs
was determined. In the continuation of the research,
genes involved in bacteria and archaea were obtained
using NCBI servers and GeneCards. Moreover, the
diseases associated with human microRNAs similar to
the bacterial and archaeal repetitive sequences were
identified using the RNAcenter section of the Gene-
Cards server %, Table 8 summarizes the relevant re-
sults.
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Query 352  CCCCCTCCCCGTCCGCCCCCAGTGCTGCGTTCTCCCCCTCTTGGCTCTCCTGCGGCTggg 411
DULLLLELEE LELLELLEELE L e DL L L LT

Sbjct 371  CCCCCTCCCCCTCCGCCCCCAGTGCTGCGTTCTCTCCCTCTTGGCTCTCCTGCGGCTGGG 430

TC 47

Query 412 ???T???T?7???TCACCATGGCCGAGGCGCCTCAGGTGGTGGAGATCGACCCGGACT

LULLULLLLLLEELEE L LEE L L L EL LT LT
Sbjct 431  GGAGGGGCGGGGGTCACCATGGCCGAGGCGCCTCAGGTGGTGGAGATCGACCCGGACTTC 490

Query 472 GAGCCGCTGCCCCGGCCGCGCTCGTGCACCTGGCCGCTGCCCAGGCCGGAGTTTAGCCAG 531

DLLLULELEELEE L ELEEL L L L L L L L LT
Sbjct 491  GAGCCGCTGCCCCGGCCGCGCTCGTGCACCTGGCCGCTGCCCAGGCCGGAGTTTAGCCAG 550

Query 532 TCCAACTCGGCCACCTCCAGCCCGGCGCCGTCGGGCAGCGCGGCTGCCAACCCCGACG 591

IIIIII|IlllII|IIlllll|IIIIIlIlIIIIlll|IIIIIIIIIlIlIl|I|l|lIl
Sbjct 551  TCCAACTCGGCCACCTCCAGCCCGGCGCCGTCGGGCAGCGCGGCTGCCAACCCCGACGCC 610

Query 592  GCGGCGGGCCTGCCCTCGGCCTCEGCTGCCGCTGTCAGCGCCGACTTCATGAGCAACCTG 651
11111 IIllIIIIIIIllllIlIlIIIIIlIIIIllIIII IIIIIlIllIIlIlIlIl

Sbjct 611  GCGGCAGGCCTGCCCTCGGCCTCGGCTGCCGCTGTCAGCGCCGACTTCATGAGCAACCTG 670

Query 652  AGCTTGCTGGAGGAGAGCGAGGACTTCCCGCAggcgcccggetcc 711
LT T T T T

Sbjct 671  AGCTTGCTGGAGGAGAGCGAGGACTTCCCGCAGGCGCCCGGCTCCGTGGCGGCGGCGGTG 730

Query 712 gcggcggcggccgccgcg?cc7ccaccg%ggggctgtgcggggACTTCCAGGGCCCGGAG 773
CLLCLLLELELELEE L EE LR L LR LT L L EE L L]

Sbjct 731  GCGGCGGCGGCCGCCGCGGCCGCCACCGGGGGGCTGTGCGGGGACTTCCAGGGCCCGGAG 790

Query 772 GCGGGCTGCCTgcacccagcgccaccgcageccccgecgecc ctgtcgcagcac 831
AR

Sbjct 791  GCGGGCTGCCT GCACCCAGCGCCACCGCAGCCCCCGCCGCCCGGGCCGCTGTCGCAGCAC 850

Query 832 ccgccggtgccccccgcc?ccgctgggccgctc cGGGGCAGCCGCGCAAGAGCAGCTCG 891
LLLE TLELELELELLLnl IIIIIIIII?IHIII|IIIIIIlIlIIIIIlI 11

Sbjct 851  CCGCCAGTGCCCCCCGCCGCC---GGGCCGCTCGCGGGGCAGCCGCGCAAGAGCAGCTCG 907

Query 892 TCCCGCCG GCGT??GG T?{??TAC?C GACCTCATCACCAAGGCCATCGAG 951

CAACC C
IIIIIIIIIIIII [LELLELLITL] [ 1] |IIIIII|lIlIIIIIIlI|l
Sbjct 908  TCCCGCCGCAACGCGTGGGGCAACCTGTCCTACGCTGATCTCATCACCAAGGCCATCGAG 967

Query 952  AGCTCGGCGGAGAAGCGGCTCACGCTGTCGCAGATCTACGAGTGGATGGTCAAGAGCGTG 1011

LLLLELEELELEEEE L L L L L L Ll
Sbjct 968  AGCTCGGCGGAGAAGCGGCTCACGCTGTCGCAGATCTACGAGTGGATGGTCAAGAGCGTG 1027
Query 1012 CCCTACTTCAAGGATAAGGGTGACAGCAACAGCTCGGCGGGCTGGAAG 1059

LULLLEELEE L L L LR LT
Sbjct 1028 CCCTACTTCAAGGATAAGGGTGACAGCAACAGCTCGGCGGGCTGGAAG 1075

Figure S1. BLASTn-based graphical comparison of FOXO1 gene sequences showing 30% mutation relative to the reference FASTA.

PREDICTED: Balaenoptera acutorostrata paired box 7 (PAX7), transcript variant X1, mRNA
Sequence ID: XM_007175019.2 Length: 5083 Number of Matches: 1

Range 1: 7 to 5078 GenBank Graphics Next Matct

Score Expect Identities Gaps Strand
4434 bits(2401) 0.0 4296/5192(83%) 205/5192(3%) Plus/Plus

Query 36 CGCCCCCTCGCTTTTCCATTTCTCTTTCCCCAACCCCGTCACCCCCTGTCTCCT-CCGTC 94

LULLELELEEERLE B LLEEr L LLEEL L LEEEE Ll L il 11l
Sbjct 7 CGCCCCCTCGCTTTCCCTCTTCTC-CT-CCCAACCTCGTCACCCCTTATCGCCTCCCCTC 64

Query 95 CAGCCCTGAAACCCGAGGAGGCTCCTTCTTCCGTCTGTCCCCGGGTCTCCTAGGGGACGG 154

LELEE LLEEEEEEL LELer peeneenr 0 peeer Leel 1 tiil bl
Sbjct 65  AAGCCCAGAAACCCGA-GAGGCACCTTCTTCC--C--TCCCCAAGTCTTCTGGGGGGCGG 119

e T I TN >

Sbjct 120 GGG GTGAAAGCTGGTGTGTAAGGGAGTAGCGAGTGT 178
Query 214 A mmmm e —————— a—— aaTAAATATATAAATA 255
fi fifi 777|7|?|7|7|7|7 ?Illlllllllllllll
Sbjct 179 GAGGAGTGGGAGAGGACAGGGAGGGAGGGGAG GAGGGAATAAATATATAAATA 238
N - ?ﬂ‘?ﬁsﬁcﬁ?ﬂ?Tﬁﬁ?????T?ﬁceﬁﬂfcﬁ?ﬁm‘f?ﬁ?cmc“c o
Sbjct 239 AATTCGAAAAAGAAATCCACTCCGCAGCCTCTCGGCTCAGAAACTTTGGCCC -~~~ = === 290

Query 316  AGAGCGCCAGAGCGCGAGAGCGCGGCGCTCGCCACTCTGAGGCTGGCGGCCTCGATTCCG 375
| IIIIIIIIIIIlIl PEELECEEE B fep teer teee 1 il

Sbjct 291  ----- G- - -GAGCGCGAGAGCGCATCGCTCGCCAGTCCGAGCCTGGGGGCCCTGACTCCG 342
Query 376 GCCGCGT-chccchC:ccccTCCGCCGCGGGGCCTGGTCTCCGGGTTCTGCCAGGCGC 434
LELLLLE  LERE DRRnr peneener Lep peent pepei Lop Leiin fill
Sbjct 343 GCCGCGTCCCCCCCAGCCCCGLCTCCGCGGCGCGGCCTCGTCTCCCGCTCCTGCCCGGCGC 402
Query 435  ATCAGCCCGCACAACTTCTGGCCGAGGCCAGCCGGCAGAGGCGGACTTGGGGTTGGAGTG 494
PO LERERREReen e ee et or  teb peeeeet b ferreenrin il
Sbjct 403  ATCCGCCCGCACAACTTCTGGCCCAGCGGAGCGGGCAGAGGAGGCCTTGGGGTTGGTGTG 462
Query 495 TTTGTTTGTTTGAACTTCCTCGTCGTCGccaccttccCt-mmmmmmmnm ccccccaacct 544
LELELRRELRRietnr Lol LERiiitiinrtl LLLLLLELLL]
Sbjct 463 TTTGTTTGTTTGAACT---TCGTTGTCGCCACCTTCCCTCCCCCCCACCCCCCCCAACCT 519
Query 545 ccacccc-acctcacccccctccccaGCTTCTGGACGCGTTTGACTGCAGCCa T? tf 603
LE LR PREer e et e en ettt e tertl I?
Sbjct 520 CCGCCCCTACCTCACCCCCCTCCCCAGCTTCTGGACGCGAGCGACCGCAGCCGGGGGTGG 579
Query 604 -t ta agtgtgtgtgga a, agAAGAGGTTaaaaaaaagaagac 662
o o THEIRRRRTRRRTELRC I BRRRRRRRE RO 20T 2

Figure S2. Comparative BLASTn analysis of PAX7 gene sequences revealed~30% mutation by aligning the reference FASTA sequence with defec-
tive variants, highlighting key sequence similarities and mutation sites.

270 Avicenna Journal of Medical Biotechnology, Vol. 17, No. 4, October-December 2025



Figure S3. BLASTn-based graphical comparison of PTEN gene sequences showed~30% mutation

Ramezani R, et a/

e MMYYIUNGN T MSTII2CIIN NI QMIIND 3
PREDICTED: Trachypithecus francoisi phosphatase and tensin homolog (PTEN), transcript variant X3, mRN,
Sequence ID: XM_033215601.1 Length: 4504 Number of Matches: 1

Range 1: 42 to 4504 GenBank Graphics

Score Expect Identities Gaps Strand

7651 bits(4143) 0.0 4398/4511(97%) 58/4511(1%) Plus/Plus

Query 1007 AAGGTTTTTGGATTCAAAGCATAAAAA TATACAATCTTTGTGCTGAAAG 1066
11 IIIIIIIIIIIIIIIlIIlllllIIIIIIIIIIHHIIIIIIIIIIlIIIlIIllI

Sbjct 42 AAAGTTTTTGGATTCAAAG TATACAATCTTTGTGCTGAAAG 101

Query 1067 ACATTATGACACCGCCAAATTTAATTGCAGAGTTGCACAATATCCTTTTGAAGACCATAA 1126
IIlIIlIIIIIIIIIIIIIIIllIIIIIIIIIIlIIIIIlIIIIIIIIIIlIIIIIIllI

Sbjct 102  ACATTATGACACCGCCAAATTTAATTGCAGAGTTGCACAATATCCTTTTGAAGACC 161

Query 1127 CA( ACAGCTAGAACTTATC, AAAC( CTTTTG TGMGATCTTGA(CAATGGCTAAG 1186

éIIIIIIIIIIII lII LELLELLELLLELILLL) IIIIIIIM(l'IéA

Sbjct 162 CCACAGCTAGAACT CCTTTTGTGAAGATCTT AC AATGGCT, 221

Query 1187 1246
IIII lIIIIIlI I } IIIIIIIIIIIIIIIIII IIIIIIllI

Sbjct 222 GATGACAATCATG 281

Query 1247 ATAT TGC?TIIATTTA | 1306

Ny it it T -

Query 1307 ATGGGGAAGTAAGGACCAGAGACAAAAAGGGAGTAACTATTCCCAGTCAGAGGCGCTA 1366
IIIIIlIIIIIIIIIIIIlIIIlIIIIIIlIIIlIIIIIIIIIIIII LULELLEETTL]

Sbjct 342 ATGGGGAAGT AGAGACAAAAAGGGAGTAACTATTCCCAGTCAGAGGCGCTA 401

Query 1367 TGTGTATTATTATAGCTACCTGTTAAAGAATCATCTGGATTATAGACCAGTGGCACTGTT 1426

LULLLRLLERLER LR e L e e e FREEE L L iirninntl
Sbjct 402  TGTGTATTATTATAGCTACCTGTTAAAGAATCACCTGGATTATAGACCAGTGGCACTGTT 461

Query 1427 AATGTT! AATCCTCA 1486
lIlII IHII||IIIIIIIIIIIIIIIIlIIIIIIHHIIIIIlIIIIlIIIIIIHI
Sbjct 462 ATGATGTTTGAAACTATTCCAATGTTCAG AATCCTCA 521
Query 1487 GTTTGTGGTCTGCCAGCTAAAGGTGAAGATATATTCCTCCAATT cmc GACG 1546
IIlIIlIlIIIIlIIIIIIlIlIIIlIIIIIIIIIIIIHIIIII 1] IlIIIIIIIII
Sbjct 522 TTGTGGTCTGC TTCCTCCAATTCAGGCCCCACACGACG 581
Query 1547 GGAAGACAAGTTCATGTACTTTGAGTTCCCTCAGCCGTTACCTGTGTGTGGTGATA 1606
LLLLTLLLEETLT] IIIIIIIIIIIIIIIIIIIIIIllIlIIIIIIIIIIlIIIIIIIII
Sbjct 582  GGAAGACAAG T(A TACTTTGAGT TCCCTCAGCCGTTACCTGTGTGTGGTGATATCAA 641
Query 1607 AGTAGAGTTCTTCCACAAACAGAACAAGATGCTAAAAAAGGACAAAATGTTTCACTTTTG 1666
II|IIl IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIH IIIIIIIIIlIIIIIIllI
Sbjct 642 GAATTCTTCCACAAACAGAACAAS AAMATGTTTCACTTTTG 701

ence FASTA, revealing conserved regions and mutation sites.

Figure S4. By acquiring the sequence of the healthy gene and comparing it to the defective gene, it was found that 10% to 20% of mutations were
present in the gene.

[ RVIVITIITIOIV IV Muetisunin Midpivg

PREDICTED: Marmota monax dedicator of cytokinesis 3 (Dock3), transcript variant X7, mRNA
Sequence ID: XM_058574837.1 Length: 9071 Number of Matches: 1

Range 1: 2 to 9070 GenBank Graphics

Score Expect Identities Gaps Strand
11468 bits(6210) 0.0 8189/9142(50%) 146/9142(1%) Plus/Plus

Query 1 GAGCCCGCTGGGGCGAGCCGAGCCGCGGLGGCGCCGGGAGCCGGGCGGCGGAGCTGTGAA 60

CLCCLELELE CELEEEECELELEEEEEE E0 L DEELEL FELELELLELEL
Sbjct 2 GAGCCCGCTGAGGCGAGCCGAGCCGCGGCAGCACCCGGAGCCCAGCGGCGGAGCTGAGAA 61

Query 61 GAAGCAAGCGGCGGCACGGGAGCAGCGGCGACGGACAGGTGGCGAGCCTTCGCCCGCGCC 120

[ LT DEEELE L TLEELEEELEEEE D LI LEELELEL [T
Sbjct 62  GGCACTAGCGGCGCGGCGGGAGTGGTGGCGACGGACAGGTGGCTAGCTTTCGCCCGGGCC 121

Query 121  GCCAGGGGCTGCTGGGCCACCCGCGGAGCCTCGCGGTCCAGACGTGGCGGGGGTGGCGGC 180

CALLELE LEEE L EELEE L TEE L T |
Sbjct 122 ACAAGGGGCTACTGGGGCGCCCGCAGAGCTTCGCTGTCTGGACGTGGC ------ GACGET 175

Query 181  GGCATCCCGGACGGCCTGTGAGGGATGCGCCGCCCACTGCCCCGCGCCGCCTGACCGTCC 240

CLLELELELELECELELEEEEELEL LR ELE R LD DELELE TLELELE 1
Sbjct 176  GGCATCCCGGACGGCCTGTGAGGGATGCGCCGCCCACTGCCCAGCGCCGECTGACCGCCC 235

R T T R i >
Sbjct 236 CCGCCTCGTCTCGCGGTGCGCCACAGCCGGGCCCGCGGCCGTTCCCGCAGCGCCGTCGLC 295

Query 301 lﬁtc%cc%l?ccc?lﬁﬁ %C?CCCT?CBC? ccATGTGGACCCCCACGGAGGAGGA 360

[1 [ CLLCCEUELEELELELEELELT 1
Sbjct 296 CGGCCGCCGCGCCCGCGGGGCCGCGCCCGGCCCGG((ATGTGGACCCCCACGGAGGAAGA 355

Query 361 ACGGCGTAGTGATATGCAGCTTTCGAGGATCTGTCCCTCAAGGGTTGGTCTTAGA 420

I||I|l|I|I|IIIIII||I|I|II|II|I [LLLEL LELELELE TL THLLT
Shjct 356  GAAATACGGCGTAGTGATATGCAGCTTTCGGGGATCTGTTCCTCAAGGATTAATCTTAGA 415

Query 421  AATAGGAGAAACAGTCCAGATTCTTGAAAAATGTGAAGGTTGGTACAGAGGAGTTTCAAC 480

I|IIIlIIIIIIIIIIIIIIIIIIlIIllI|||||I|||III|II||III||Il [1111]
Sbjct 416  AATAGGAGAAACAGTCCAGATTCTTGAAAAA GGTTGGTACAGAGGAGTGTCAAC 475

Query 481  AAAGAAGCCAAATGTGAAGGGGATCTTTCCTGCAAATTACATTCACTTGAAAAAGGCAAT 540

I||I|||III|IIII [ TLELELELLLTL ||I|II|I|IIII|I|I II|I|
Sbjct 476 AAATGTAAAGGGTATCTTTCCTGCAAACTACATTCACTTGAAAAAAGCAAT 535

Query 541  TGTCAGTAATAGGGGGCAGTATGAAACTGTGGTTCCACTTGAAGATTCTATTGTGACTGA 600
ELCULLELEEEELELCELEL LR L L e CEEELELE TELELELLIT

Shict 536  TGTCAGTAATAGGGGGCAGTATGAAACTGTGGTTCCACTCGAAGATTCCATTGTGACTGA 595
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Mature hsa-miR-519e-5p Mature hsa-miR-519e-3p
Accession MIMATO002828 Accession MIMAT0002628
Description Hormo saplens hsa-miR-518e-5p mature mIRNA Description Homo saplens hsa-miR-519¢-3p mature mIRNA
Sequence 14 - UUCUCCAAAAGGGAGCACUUUCG - 35 Sequence 52 - AAGUGCCUCCUUUUAGAGUGUU - 73
Evidence experimental Evidence experimental
amray-cloned [1] array-cloned [1), cloned [2]
References

PubMed ID: 17604727

A mammalian microRNA expression atlas based on small RNA library sequencing

“Landgraf P, Rusu M, Sheridan R, Sewer A, lovino N, Aravin A, Pfeffer S, Rice A, Kamphorst A, Landthaler M, Lin C, Socci ND, Hermida L, Fulei V, Chiaretti S, Foa R, Schiiwka J, Fuchs U,
Novosel A, Muller RU, Schermer B, Bissels U, Inman J, Phan Q, Chien M"

"Cell (2007) 129:1401-1414

L

PubMed ID: 15965474

Identification of hundreds of d and human

“"Bentwich |, Avniel A, Karov Y, Aharonov R, Gilad S, Barad O, Barzilai A, Einat P, Einav U, Meiri E, Sharon E, Spector Y, Bentwich 2*
"Nat Genet (2005) 37:766-770

hsa-mir-519e is associated with one or more human diseases in the Human microRNA Disease Database m

Download CSV Filg
Filter:
Show |10 v |entries
PubMed
Disease * Description Category D
Adenocarcinoma  To be specific, linc01833 can function as a competitive endogenous RNA (ceRNA) to adsorb miR-519e-3p IncRNA 23173848
of Lung through a sponge and regulate S100A4 in lung cancer, thereby being involved in LUAD progression. target
Stomach All investigations indicated that Lnc_ASNR functioned as a ceRNA targeting miR-519e-5p and facilitated GG IncRNA e =
Neoplasms development by regulating the pathway of miR-519e-5p/FGFR2 targat
o Uttimately, our study revealed that MAPKAPKS-AS1 promotes proliferation and migration of thyroid cancer o
N“::sms cells by targeting the miR-518e-5p/YWHAH axis, which provides novel insight into the development and ‘: ; 33272008
progression of thyroid cancer, "gel
Uterine Cervical ~ Therefore, GABPB1-AS1 functioned as a tumor activator in CC pathogenesis by binding to miR-518e-5p and IncRNA 32844488

Neoplasms destroying its tumor suppressive function target

Figure S5. Some human diseases are associated with miR-519e, and their corresponding accession numbers were also retrieved.

PREDICTED: Pan troglodytes complement factor H (CFH), transcript variant X1, mRNA
Sequence ID: XM_001136531.4 Length: 3979 Number of Matches: 1

Range 1: 3225 to 3979 GenBSank Graphics

Score Expect Identities Gaps Strand
1266 bits(685) 0.0 732/755(97%) 1/755(0%) Plus/Plus

Query 544  GACACTTCCTGTGTGAATCCGCCCACAGTACAAAATGCTCATATACTGTCGAGACAGATG 603

LLLLELEEEREEEELLE LRt L e ey Leeer LEReeniitinl
sbjct 3225 GACACTTCCTGTGTGAATCCGCCCACAGTACAAAATGCTTATATAGTGTCGAGACAGATG 3284

Query 684  AGTAAATATCCATCTGGTGAGAGAGTACGTTATGAATGTAGGAGCCCTTATGAAATGTTT 663
lIIllIIIIlIIlIIllllllllllllllllll IlIIIlIIIlIIIlIIIIIIIlIII

Sbjct 3285 AGTAAATATCCATCTGGTGAGAGAGTACGTTATCAATGTAGGAGCCCTTATGAAATGTTT 3344

Query 664 TGAAGAAGTGATGTGTTT GACAGAACCACCTCAATGCAAA 723
IIIll|IIIlIIIIllllIlIIIIIIlIIlIIIIIIIIIIIIIlIIllIIIIIIIIIII

Sbjct 3345 GGGGATGAAGAAGTGATGTGTTTAAATGGAAACTGGACAGAACCACCTCAATGCAAAGAT 3404

Query 724 GGGAAAATGTGGGCCCCCTCCACCTATTGACAATGGGGACATTACTTCATTCCCG 783
lIIllIIIIIIIIIIlllIIIIlIIIIIIlIIIlIlIIIIIIIlIIIIIIII]IIIIII

sbjct 34es GGGAAAATGTGGGCCCCCTCCACCTATTGACAATGGGGACATTACTTCATTCCCG 3464

Query 784 TTGTCAGTATATGCTCCAGCTTCATCAGTTGAGTACCAATGCCAGAACTTGTATCAACTT 843

LLCLDLCLELEEEEEEEEEEEEEr FEEEEEEEEEEEEEEEEErerenp el 1l
Sbjct 3465 TTGTCAGTATATGCTCCAGCTTCAACAGTTGAGTACCAATGCCAGAACTTGTATGAACTT 3524

Query 844  GAGGGTAACAAGCGAATAACATGTAGAAATGGACAATGGTCAGAACCACCAAAATGCTTA 9@3
lIIllIIIIIIIIIIlllIlIlIIIIlIIIIIIIIlIIIIIIIIIIlIIIIIIIIIIII

sbjct 3525 CATGTAGAAATGGACAATGGTCAGAACCACCAAAATGCTTA 3584

Query 984  CATCCGTGTGTAATATCCCGAGAAATT AACATAGCATTAAGGTGGA c 963
lllllIIIIlIIlIIllIIlIIIIIIlIIllIIII IIIIIIIlIIllIIIlIIIII

sbjct 3585 CATCCGTGTGTAATATCCCGAGAAA AACATAGCATTAAGGTG 3844

Query 984  GCCAAACAGAAGCTTTATTTGAGAACAGGTGAATCAGCTGAATTTGTGTGTAAACGGGGA 123
LU PEEEE TLLEEE FEERREL LR R st 1orinttl II

Sbjct 3645 GCCAAAGAGAAGATTTATTCGAGAACAGGTGAATCAGTTGAATTTATATGTAAAAATG 3704

Query 1024 TATCGTCTTTCATCACGTTCTCACACATTGCGAACAACATGTTGGGATGGGAAACTGGAG 1082
LILLLLERLLED LE LELEEERE LEELELELLL] IIIIIIIIIIIIIIIIIIIIII

sbjct 3785 TATCGTCTTTCACCAAGTTCTCACGCATTGCGAACAGCATGTTGGGATGGGAAACT 3764

Query 1084 TATCCAACTTGTGCAAAAAGA ATAAAATGCACACCTTTATTCAGAACTT 1143
lIIIlIIIIlIII IlllIlIIIIIIlIIlIIIIIIIIIIIIIIIIII|I|l|III|II

sbjct 3765 TATCCAACTTGTGTAAAAA ATAAAATGCACACCTTTATTCAGAACTT 3824

Query 1144 TAGTATTAAATCAGTTCTTAATTTCA-TTTTTAAGTATTGTTTTACTCCTTTTTATTCAT 1202

LLLLEEEEEEERE L LR ERn et LEREEE e i i e ihiiinl
Sbjct 3825 TAGTATTAAATCAGTTCTTAATTTCATTTTTTAAGTATTGTTTTACTCCTTTTTATTCAT 3884

Query 1203 A GTAAAATTTTGGATTAATTTGTGAAAATGTAATTATAAGCTGAGACCGGTGGCTCTCT 1262

IllIIIIlIIIIIIIIIlIllIIIlIIIlIIIIlIIIlIIIIIIllIIIIIIIIIII
sbjct 3885 TTGGATTAA AATTATAAGCTGAGACCGGTGGCTCTCT 3944

Figure S6. Approximately 30% of the gene was found to be mutated by comparing the defective sequence with the reference gene in FASTA format.
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Figure S7. Using BLASTn alignment, approximately 10% mutation was identified in the defective sequence of the TP53 tumor suppressor gene

PREDICTED: Aotus nancymaae cellular tumor antigen p53 pseudogene (LOC105709634), misc_RNA

Ramezani R, et a/

Sequence ID: XR_001105560.2 Length: 1982 Number of Matches: 1

Range 1: 1 to 1982 GenBank Graphics

‘Score Expect Identities Gaps Strand

2521 bits(1365) 0.0 1797/2004(90%) 35/2004(1%) Plus/Plus

Query 3 CAAAAGTCTAGAGCCACCGTCCAGGGAGCAGGTAGCTGCTGGGCTCCGGGGACACTTTGC 62
COLLLL DEEEEEELEE LRLEEEEEEEEEELLE L EE e eeen i LeeirL 1l

Sbjct 1 CAAAAGTGTAGAGCCACCATCCAGGGAGCAGGTAGCTGCTGGGCTCCAGGAACACTTGGC 60

Query 63 GTTCGGGCTGGGAGCGTGCTTTCCACGACGGTGACACGCTTCCCT- -GGATTGGCAGCCA 120
LE L eeee et Leel LEEeer LEEeeer i 1|

Sbjct 61 GTCTGGGCTTGGAGTGTGCTTT - - -CGACAGTGACACACTTCCCTGAGGACTGGCAGCCA 117

Query 121  GACTGCCTTCCGGGTCACTGCCATGGAGGAGCCGCAGTCAGATCCTAGCGTCGAGCCCCC 180
COLLELLEL PELEEE LLLLEECEEEEEEREEE e R e iet it 1 HEinnl

Sbjct 118  GACTGCCTTCGGGGTCAGTGCCATGGAGGAGCCGCAGTCAGATCTCAGCATCAAGCCCCC 177

Query 181 CTGAGTCAGGAAACATTTTCAGACCTATGGAAACTACTTCCTGAAAACAACGTTCTGTC 240
IIH]IIIIllIIlIIIIIIIIIIIIIIIII IlIIIIIlIIIIIIlIlIIIIIII

Sbjct 178 AGTCAGGAAACATTTTCAGACCTATGGA- - -TACTTCCTGAAAACAACATTCTGTC 234

o N i e irioe it -

Sbjct 235 CTCCTTGCTGTCCCAACTGGTGGATGATTTGATGCTATCCCCGGATGACATTTACATTGC 294

Query 295 ACMTGGTTCACTGAAGACC(AGGTCCAGATGAAGCTCCCAGAATGCCAGAGGCTGCTC 354
IIllIIIIIII LILELEEE L DELEEELEELniee 1 L Lt

Sbjct 295 GGTTCAGTCAAGACCCGGTTCCAGATGAAGCTCCCACAGTATCAGAGGCTCCTCC 354

Query 355 CCCCGTGGCCCCTGCACCAGCAGCTCCTACACCGGCGGCCCCTGCACCAGCCCCCTCCTG 414
LELEEEEEL  LEREEEEELERRRE et FEERREE  LEEELELLLLELETT ]

Sbjct 355 CGCCGTGGCCCAGGCACCAGCAGCTCCTACATCAGCGGCCCCCACACCAGCCCCCTCCTG 414

Query 415 GCCCCTGTCATCTTCTGTCCCTTCCCAGAAAACCTACCAGGGCAGCTACGGTTTCCGTCT 474
CLLLLLLELEE D DELERLLLEEEEEEE FELei et L L L L

Sbjct 415 GCCCCTGTCATCCTCTGTCCCTTCCCAGGAAACCTACCATGGTAACTACGGTTTCCGTCT 474

Query 475  GGGCTTCTTGCATTCTGGGACAGCCAAGTCTGTGACTTGCACGTACTCCCCTGCCCTCAA 534
FLLLLLLELEEEEELEEL L L L L L ELEL L EEEELL ]

Sbjct 475  GGGCTTCTTGCATTCTGGGACAGCCAAGTCTGTGACTTGCACGTACTCCCCTGCCCTCAA 534

Query 535  CAAGATGTTTTGCCAACTGGCCAAGACCTGCCCTGTGCAGCTGTGGGTTGATTCCACACC 594
LELLLLLLLLLLEE EEELELEERELEEEEE FEE L LEEEE L

Sbjct 535 CAAGATGTTTTGCCAGCTGGCCAAGACCTGCCCCGTGTAGCTTTGGGTCAATTCCACACC 594

Query 595 CCCGCCCGGCACCCGCGTCCGCGCCATGGCCATCTACAAGCAGTCACAGCACATGACGGA 654
. LLLEL LLLEEEE DELELELERLELEE L LR LELEEE L EEL L L LT T

Sbjct 595 CCCGCGTGGCACCCACGTCCGCGCCATGGCCATCTACAAGCAGTCACAGCACATGACGGA 654

compared to the wild-type in the GRCh38 reference genome.

Figure S8. By comparing the FASTA format of the reference gene with the gene, it was observed that the gene has a 10% mutation responsible for
the disease.

PREDICTED: Theropithecus gelada signal d and acti of iption 1 (STAT1),
Sequence ID: XM_025404103.1 Length: 2938 Number of Matches: 1

Range 1: 18 to 2938 GenSank Graghics

Score Expect Identities Gaps Strand
5059 bits(2739) 0.0 2863/2924(98%) 4/2924(0%) Plus/Plus
Query 1 GTTTCGCTTTCCTGCGCAGAGTCTGCGGAGEGGCTCGAC TGCACCGAGAGRATCACGCCT 6@
LILLLELLLLL I[lllllllllllIIHlI[H Illllllll HIIH llIIII!
Sbjct 18 GTTTCGCTTTCCAGCGCAGAGTCTGCGGAGH! 7%
Query 61 rx« GACCCCAGACCGAGCAGAGGCGAL ccc GCGCGCTCGAGAGAGECTGCACCCCHCE 120
NI |I LTI T 1L T IIIIIIIIHIIIIIIIII |
sbjct 77 GGCAGACCC C6CCC CACCGECACC 136
Query 121  CCCC-CGCCTAGKCCTTCCGGATCCTGCGCGCAGARAAGTTTCATTTGCTGTATGCCATC 179
111 lIIIlII]II|IIIIII|IIIIlI[]IlIIIIllIl[]IIlI]IIl]IIlIIIl[
sbjct 137  CCCGACGCCTAGKCCTTCCGRATCCTGCGCGCAGARAAGTTTCATTTGCTGTATGCCATC 196
Query 189 GAGAGCTGTCTAGGTTACGT TCGCACTCTGTGTATATAACCTCGACAGTCTTGACA 239
IlIIIlIIHIIlI LLELUEL LELEELRTLEEL T VELEEEELET LT
Sbjct 197  CTCGAGAGCTGTCTGGGTTAACATTCGCACTCTGTGCATGCAACCTCGACAGTCTTGGCA 256
Query 240  CCTAACGTGCTGTGCGTAGCTGCTCCTTTGRTTGAATCCCCAGRCCCTTGTTGGGGCACA 299
ECEECEELEELE CEEEEET PR EELER T rrn IIIIIIIIlIIHIIII
Sbjct 257  CCTAACGTGCTGTGTGTAGCTGCTCCTTTGGTTGAATCCCCACGCCCTTGTTGGRGCACA 316
Query 300 GGTGGCAGGATGTCTCAGTGGTACGAACTTCAGCAGCTTGACTCAAAATTCCTGGAGCA 359
IlIIIIIIIIIIlIllIIIHIlI LEELE LEEEEEEERREEEER L LRttt
Sbjct 317  AGGTGGCAGGATGTCTCAGTGGTATGAACTCCAGCAGCTTGACTCAAAATTCCTGGAGCA 376
Query 360  GGTTCACCAGCTTTATGATGACAGTTTTCCCATGGAAATCAGACAGTACCTGGCACAGTG 419
I[IIIlI|IIIIlIl|IIIHIlIlIIllHI[IlIIlIII[III IIIIHIIHIIII
Sbjct 377  GGTTCACCAGCTTTATGATGACAGTTTTCCCATGGAAATCAGACAATACCTGGCACAGTG 436
Query 420 GAARAG AGCACGCTGCCAATGATGTTTCATTTGCCACCATCCGTTT 479
Il[lIlIIIIIIlIlI|I[HI[IlIIIIHIHIIIIIIIIIIIIHIIHIIIIIIII
sbjct 237 AARAGCAAGAC TGGGAGCACGCTGCCAATGATGTTTCATTTGCCACCATCCGTTT 496
Query 48 1CATMCT((TGT(A(AG{TGG»TGATCMYAY GTCGCTTTTCTTTGGAGAATAACTT 533
LLLLEEELELEE TEEVRELEELELninl IIIIIIIII[IIIIIIIIIIlIIlIIIlI
Sbjct 497  TCATGACCTCCTATCACAGCTGGATGATCAATATAGTCGCTTTTCTTTGGAGAATAACTT 556
Query <@ 598
|IllIII|I1Ill|I|lIllIIlIlI|IlllIIII|Illlllllllllllllllllllll
Sbjct 557  CTTGCTACAGCATAACATAAGGAARAGCAAGCGTAATCTTCAGGATAATT 616
Query &g AN AAGAAAGGARAATTCTGGA 659
IlllIlIIIIIIlIlIlIl[III|I|l IIHIHIlllIIIIIIIIHIIHIIH
Sbjct 617  CCCAATCCAGATGTCTATGATCATTTACAA( 676
Query 860 CGCCCAGAGATTTAATCAGGCTCAGTCGEOGAATATTCAGAGCACAGTGATGTTAGA 713
IIIII[IIIlIllIIIII[HIII IIHl]I[HIIIIIIIIII]HIIHIIIHII\
sbjct 677 CGCCCAGAGAT TTAATCAGGCCCAGTCGEGRAATATTCAGAGCACAGTGATGTTAGA 736
Query 720 AAGGTTATGTGTATAGA 779
Il|IIII|I1II]IIIIIHIIIIIIIIIIII[IIIIIIlllIIIIHIIHIIIlIIll
Sbict 737  CAAACAGAAAGAGCTTGACAGTAAAGTCAGAAATGTGAAGGACAAGGTTATGTGTATAGA 796
Query 78@ GCATGAAATCAAGAGCCTGGAAGAT TTACAAGATGAATATGACTTCAAATGCAAAACCTT 839
LULLUEELELLREE R R L R R LRttt
sbjct 797 GCATGAAATCAAGAGCCTGGAAGATTTACAAGATGAATATGACTTCAAATGCAAAACCTT 856
Query 84 93
IIIIIlIII1IIlIIIIIIHIIIIIIHIIIIIIIHIIlIIIIIIIIIHIIlHIH
Sbjct 857  GCAGAACAGAGAACACGAGACCAATGGTGTGGCAAAGA( 916
Query 980  GTTACTCAAGAA ATTTAATGCTTGACAATAAGAGAAAGGARGTAGTTCACAAAAT 959
LLLCLEELEECTECE R RE LR r e e et TECEEe e e e enrree
sbjct 917 GTTACTCA AGA TTTAATGCTTGAC, A AGGA TCACAARAT 976
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Range 1: 55 to 180 GenBank Graghics Related Informat
Score Expect dentities Gaps Strand Gena - associated g&1
193 bits(104) 1e-44 122/130(94%) 4/130(3%) Plus/Plus Genome Data Viewe:

genomic context
Query 1 AGTCGTCCCGCGCCGGAGCCGGCCCCGTAGCGTGCCATGECCTGCTACATCTACCAGCTG 6@

2 L T |
sbjct 55  AGTTGCCCCGCGCCGGA- - --GCCCCOTAGCGCGCCATGGCCTGCTACATCTACCAGCTS 110

Query &1 CCCTC(TWG GCT 6@\(??{( GTGCCGL, GCGCTCAGC 166 120

IIIIIIIIIIIIII]II i IIIIIlIIHIl LLLLLLLEELLETLLT L
sbjct 111 CCCTCCTGGGTGCTGGACGACCTGTGCCGCAACATGGACACGCTCAGCGAGTGEGACTGG 17

ey A
sbjct 171 ATGGAGTTCG 1

& Download v GenBank mrm v Next a Previous «De
PREDICTED: Macaca th hib in 1 P iated kinase 2 (IRAK2), transcript variant X1, mRNA
Sequence ID: XM_050778689.1 Length: 2809 Number of Matches: 1
Range 1: 31 to 156 GenSank Graghics Related Informat
Score Bpec  ldentites Gaps Strand fisos- aseaclebad o8
193 bits(104) 1e-44  122/130(94%) 4/130(3%) Plus/Plus e

genomic context
Query 1 AGTCGTCCCGCGLCGRAGLLGGLLC GYAGCGYGC ATGGCCTGCTACATCTACCAGCTG 60

UL L LEEELEEEE) ELERERLEEEE LUEEEEELELEEE R
sbjct 31 AGTTGCCCCGCGCCGGA- - - -GCCCCGTAGCGCGCCATGGCCTGCTACATCTACCAGLTG 86

Query 61  CCCTCCTGGGTGCTGGACGACCTGTGCCGCAACA
IIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIl IIIIHIIIIIIIII[IIII
sbjct 87 TCCTGGGTGCTGGA 146

ey ARG
Sbjct 147 ATGGAGTTCG 156

& Download v GenBank Graphics v Next a Previous «De
PREDICTED: Aotus 1 p iated kinase 2 (IRAK2), mRNA

Sequence ID: XM_021675875.1 Length: 3602 Number of Matches: 1

Range 1: 49 to 178 GenBank Graghcs Related Informat
Score Bpec | ldentities Gaps Strand Gene- associated ge:

191 bits(103) se-44 121/130(93%) 0/130(0%) Plus/Plus Genome Data Vigwer
v - 53 T e BT genomic context
Query 1 AGTCGTCCCGCGCCGRAGCCGRCCCCTAGCGTACCATGRCCTACTACATCTACCAGCTG 6@
LULEE L CREEE ERRELEEE DL RRE LERLREEL EELEREEREERELiitl
Sbjct 49  AGTCGCCAGGCGCCAGAGCCGGCTCCGCAGCGCGCCATGRCTTGCTACATCTACCAGCTG 108
Query &1 CCCTCCTGGGTGCTGGACGACCTGTGC! 122
IIIIIIIIIIIIIIIHIIIIIIIIIIIIIIIIIIlIIl lIIIllIIlIllIIIIIIII
sbjct 109 TCCTGGGTGCTGGACG: ACGCTCAGCGAGTG 168
S 2 i 2
Sbjct 169 ATGGAGTTCG 178

Figure S9. Analysis of the Irak2 gene revealed 60-70% mutation frequency compared to the healthy reference, based on NCBI data. These muta-
tions, linked to immunodeficiency, affect the interleukin-1 receptor-associated kinase 2, a key regulator of IL-1-induced NF- kB signaling.

& LUownioad v  Gentank Grapnics
PREDICTED: Macaca fascicularis notch receptor 1 (NOTCH1), transcript variant X1, mRNA
Sequence ID: XM_005580410.3 Length: 8228 Number of Matches: 1

Range 1: 1 to 8228 GenBank Graphics

Score Expect Identities Gaps Strand

13393 bits(7252) 0.0 7906/8230(96%) 11/8230(0%) Plus/Plus
pe ?ﬂ?ﬂ?ﬁﬁ?ﬁi*f|Tﬁ’w?‘f?’ﬁﬁ“"‘r?ﬁ?i'fﬁﬂT’ﬁﬁ‘h?n T >
Sbjct 1 ACTAGTGCCTCGGCCGCGGGAGGGAGCGCAGGGGCGCGGEGCGCGEEGCGLGGEEGLEEGE 60
e e FRmm T e
Sbjct 61 GTGCGAGCGCAGCGAAGGAACGAGCCAGGCGCGGAGACGGGCCCGGGAGCCCGCGGGAGC 120

Query 120  ACAGCGCCGCCAGCCAGCCGGGGAAGAGAGGGCGGGACCGTCCGCCGCCGCCCCGGGACC 179

FCCLELEE L DELEEELC LR ELEE L LEEELL L EEELETLLL T
Sbjct 121  ACAGCGCCAACTGCCAGCCGGGGAAGAGAGGGCGGGACTGTCCGCCGCCGCCCCGGGACC 180

Query 1880  GTACGCCGCGCGTGTGCGTCCCAGCCCCGCCGGCCAGCGCAGGAGGCCGCCGCCCGGGCG 239

[0 LLCEELLLLEEELELE L EEE L L L L] LELLLL
Sbjct 181  GTCCGCCGCGCGTGTGCGTCCCAGCCCCGCCGGCCAGCGCAGGAGGCCGCCGTCCGGGCG 240

Query 240  CAGAGGGCAGCCGGTGGGGAGGCATGCCGCCGCTCCTGGCGCCCCTGCTCTGCCTGGCGE 299

CLLLELLEEL DL LELELEL LR L LT
Sbjct 241  CAGAGGGCAG-CGGGGGGGAGGCATGCCGCCGCTCCTGGCGCCCCTGCTCTGCCTGGCGE 299

Query 300 TGCTGCCCGCGCTCGCCGCACGAGGCCCGCGATGCTCCCAGCCCGGTGAGACCTGCCTGA 359

ECCLUCEEELELEEEERLEEEEEELE L e LOLELELE LD ELEEELLLEELLET
Sbjct 300  TGCTGCCCGCGCTCGCCGCACGAGGCCCGCGGTGCTCCCAGCCGGGTGAGACCTGCCTGA 359

Query 36@  ATGGCGGGAAGTGTGAAGCGGCCAATGGCACGGAGGCCTGCGTCTGTGGCGGGGCCTTCG 419

IIIIIIIIHIIIIIIIIII|IIlIIII|I|IIIIIHII|II||1I|II|IlI|I|I||
Sbjct 360  ATGGCGGGAAGTGTGAAGCGGCCAATGGCACGGAGGCCTGCGTCTGTGECGGGGCCTTCG 419

Query 420 TGGGCCCGCGATGCCAGGACCCCAACCCGTGCCTCAGCACCCCCTGCAAGAACGCCGGGA 479

IIII|||IIIIIII]IIIIIIIIIIIIII||IIIIIII|I|II|II|II|IIlII|I||I
Sbjct 420  TGGGCCCGCGATGCCAGGACCCCAACCCGTGCCTCAGCACCCCCTGCAAGAACGCCGGGA 479

Query 480  CATGCCACGTGGTGGACCGCAGAGGCGTGGCAGACTATGCCTGCAGCTGTGCCCTGGGCT 539

CLLLELLLELLLELE R ELEE DL L ELLEELLEEELE FLEELLT
Sbjct 480  CATGCCACGTGGTGGACCGCGGAGGCATGGCAGACTACGCCTGCAGCTGTCCCCTGGGCT 539

Query 540  TCTCTGGGCCCCTCTGCCTGACACCCCTGGACAATGCCTGCCTCACCAACCCCTGCCGCA 599

ELCULCEEELLEEEREeny FE RRELe et L L et erl |
Sbjct 540  TCTCTGGGCCCCTCTGCCTCACGCCCCTGGACAACGCTTGCCTCACCAACCCCTGCCGTA 599

Query 60@  ACGGGGGCACCTGCGACCTGCTCACGCTGACGGAGTACAAGTGCCGCTGCCCGCCCGGCT 659

[ CLLCEEELLLEEEEEL L CLCEEELEL L ELELLEEELLLEE LT
Sbict 600 ATGGGGGCACCTGCGACCTG(TCA(GCTCACGGAGTACAAGTGCCG(TGCCCGC(CGGC 659

Figure S10. FASTA comparison shows ~40% mutation presence in NOTCH1, associated with aortic valve disease and T-cell acute lymphoblastic
leukemia.
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PREDICTED: Propithecus coquereli nitric oxide synthase 2, inducible (NOS2), mRNA

Ramezani R, et a/

Sequence ID: XM_012648230.1 Length: 3462 Number of Matches: 1

Range 1: 1 to 3462 GenBank Graphics

Score Expect Identities Gaps Strand
4638 bits(2511) 0.0 3147/3464(91%) 4/3464(0%) Plus/Plus
Query 265  ATGGCCTGTCCTTGGAAATTTCTGTTCAAGACCAAATTCCACCAGTATGCAATGAATGGG 324
PLLELLEEEE LULEE TELEEEELELE LR e LR 1
Sbjct 1 ATGGACTGTCCCTGGAAGTTTCTGTTCAAGACCAAATTCAACCAGTATGGCTTGAACAAG
Query 325 ACATCAACAACAATGTGGAGAAAGCCCCCTGTG-CCACCTCCAGTCCAGTGAC 383
IIIII IIIIlIllIIIlII LEC LLLULERREL LI L L LT T
Sbjct 61 ACATCAACAACAACCTGEGGARAGCCCCCTGTGTTAAACT -CAGTCCGGTGAC 119
Query 384  ACAGGATGACCTTCAGTATCACAACCTCAGCAAGCAGCAGAATGAGTCCCCGCAGCCCCT 443
PELCLELLEEE  LLEEELEE L ELLEELEE DEELLE LT T
Sbjct 120  ACAGGATGACCCCAAGTATCACAGCTTCAGCAAGCACCAGAATGAGTCCCTCCAGCCCCT 179
R NN e
Sbjct 180  CACGGGGACGGTCAAGAAGTCTCCAGAATCCCTGGTCAAGCCGGTTGTGCCCCCATTGGC 239
Query 504  CTCCCCACGGCATGTGAGGATCAAAAACTGGGGCAGCGGGATGACTTTCCAAGACACACT 563
LLLELEE L LD TEEEEL L EEEELE TEL] IllIIIIIIIIIlIIII
Sbjct 240  CTGCCCACAACACGTGAGAATCAAAAACTGGGGCAGTGGGACCACTTTCCAAGACACACT 299
Query 564  TCACCATAAGGCCAAAGGGATTTTAACTTGCAGGTCCAAATCTTGCCTGGGGTCCATTAT 623
LECEE LLEEEERLEEED e LELEEE EEELEEEEELELEETEL TELT] 1]
Sbjct 300  CCACCACAAGGCCAAAGGGGCTTTCACTTGCAAGTCCAAATCTTGCCTGGGATCCATCAT 359
Query 624 CCAAAAGTTTGACCAGAGGACCCAGGGACAAGCCTACCCCTCCAGATGAGCTTCT 683
III IIIIIIIII|IIIIIIIIIIIIIIllI]IlII]IlIll LILELLE LT
Sbjct 360 CCAAAAGTTTGACCAGAGGACCCAGGGACAAGCCTACTCCTCCGGACGAGCTTCT 419
Query 684  ACCTCAAGCTATCGAATTTGTCAACCAATATTACGGCTCCTTCAAAGAGGCAAAAATAGA 743
ELLLELEEELLLLLETELLLLEET L] llllIIII]I]II]II]IIIIIIII1IlI|II
Sbjct 420  ACCTCAAGCTATCGAATTTGTCAACCAGTATTACGGCTCCTTCAAAGAGGCAAAAA 479
Query 744  GGAACATCTGGCCAGGGTGGAAGCGGTAACAAAGGAG AAACAACAGGAACCT! 803
LECLELLEEELELLLEELELLEETLLL T lIIlllllIllIIlIlIlIIIIlIlIIII
Sbjct 480  GGAACATCTGGCCAGGGTGGAAGCGGTGACGAAGGAGATAGAAACAACAGGAACCTACCA 539
Query 804  ACTGACGGGAGATGAGCTCATCTTCGCCACCAAGCAGGCCTGGCGCAATGCCCCACGCTG 863
FECCULCEEEELLCEEEEEEE L LELLEEEELECEEELEL L LEEE] LT
Sbjct 540  ACTGACGGGAGATGAGCTCATCTTTGCCACCAAGCAGGCCTGGCGCAACGCCCCCCGCTG 599
Query 864  CATTGGGAGGATCCAGTGGTCCAACCTGCAGGTCTTCGATGCCCGCAGCTGTTCCACTGC 923
CLDELLCEELCEEL T EREEELEE L EEEEEL TR 1 TLLLLTTTT
Sbjct 6€0  CATCGGGAGGATCCAGTGGTCCAACCTGCAGGTCTTCGATGCCCGGAACTGTTCCACCGC 659
Query 924  CCGGGAAATGTTTGAACACATCTGCAGACACGTGCGTTACTCCACCAACAATGGCAACAT 983
DLCLEL TEELEELE EEEELEEEEEEL D LEELLEE LEELLETLLL I||l||||
Shicrt 660 (CGGGAGATGTTTGAGCACATCTGCAGACACCTGCGTTATTCCACCAACAACGGCAACAT 719

Figure S11. Detailed molecular analysis revealed that 16% of mutations are localized within the defective allele, providing further validation of this

observation.

PREDICTED: Cebus imitator homeodomain interacting protein kinase 3 (HIPK3), transcript variant X3, mRNA

Sequence ID: XM_017514258.2 Length: 7785 Number of Matches: 1

Range 1: 133 to 7785 GenBank Graphics

Score
12717 bits(6886)

Expect Identities Gaps Strand
0.0 7420/7669(97%) 71/7669(0%) Plus/Plus

Query 1 GGTGGCAGCTGCCTCAGTGACGACTGCCGGCATCGCGGCGACCTGAGGAGATCAAGCCG

11 IIIIIIIII[IIlIlIllIlIIlIIIIIIlIIIIIIIIIIIIIIIlIIIIllIIIlI
Sbjct 133 GGCGGCAGCTGCCTCAGTGACGACTGCCGGCATCGCGGCGACCTGAGGAGATCAAGCCGC 192

Query 61 AGGCCCCGCCGTCGCCACCACTCCCGCCAGTCTTCCTTCTCCGCTCCCGG{CGGGGCG 120

COLLCELLCEELE L TEL L F DL LLEELEEEL LT
Sbjct 193 GGGCCCCGCCGTCGTCGGCACT-CCGGCTGTCTTCCTTCTCCGGTCCCGGCCGREGCETC 251

Query 121  AGGAATGGGCCCCAATCGCCGTGGGCCCCGCACCCTGCGTCGCCCGTAGGCCCCAGTAGC 180

LELLLLELLLELLEL LT llllllIIIIlIlIIIllIIIIIIIIlIlIIllIIIII
Sbjct 252  AGGAATGGGCCCCAACCGCCGCGGGCCCCGCACCCTGCGTCGCCCGTAGGCCCCAGTAGC 311

Query 181 CGGAGGCCGACCGGCCTCCCACTACCCCTCGC(CTAGCCAAGCCGTCCCCACCC(AAAT 240

ITLILTL |

FCLLLULETELLLEEELL LT T IIIIIIIIHIIIIIIIIlI

Sbjct 312  TGGAGGCCGGCTGGCCTCCCACTACCCCTCACCCCAGCCGAGCCGTCCCCACCCCAAATC 371

Query 241 CCa GGGAAGGAAGATGAGGGAGACGGGCCCGGCGCTTa? a?ccaﬁ?ca?ca?ca?ca? 300

IIIIIIIIIIII[IIlIlII]IllIl]IIIIIlIIIII

Sbjct 372

CGGGAAGGAAGATGAGGGAGACGGGCCCGGCGCTTAGCAGCCAGAGCAGCAGTAGCAG 431

Query 301 TI]?(T
Sbjct 432  CAGCAGCGGTCGGGGGAGGGTGTTTCGCCGTTTCCTCTCAGCCGCCAGGACAAGATGGCA 491

cGGTCGGGGGAGGGTGTTTCGCCGTTTCCTCTCAGCCGCCAGGACAAGATGGCA 360
IIIIIl[lIlI]Il]IlIIlIIIIIIlIlIIII]IIIIIIIIlllIIllIIIlI

Query 361  GCGGCCGCGGAGAGGGGCTGAGCCCGGGCTGGGTGGTGCCGCCTGCTGAAGCGCCTGGCT 420

TECLULELLLELECEELLEL L DL L L L ELLEEEL L EELLL LD
Sbjct 492  GCGGCCGCGGAGAGGGGCTGAGCCTGGGCTGGGTGGTGCCGCCTGCTGAAGCGCCTGGCT 551

Query 421  CCCGGTCCCCGGCACGGCCCTGCGCCCCACCCCGGACATGCTCAGGGCTGCGGCCGCCCG 480

LU LLLCELELCLEE L L L L L LR EEEL LT
Sbjct 552  CCCTGTCCCCGGCACGGCCCTGCGCCCCACCCCGGACATGCTCAGGGCTGCGGCCGCCCG 611

Query 481  AAGAGGAGAGAGCGCGGGCCTCTAGGAAGGTATGGCCTCACAAGTCTTGGTCTACCCACC 540
PELLLCLLLELLDEELE L L L L L LR EELETEL LT ]

Sbjct 612  AAGAGGAGAGAGCGCGGGCCTCTAGGAAGGTATGGCCTCACAAGTCTTGGTCTACCCACC 671

Query 541  ATATGTTTATCAAACTCAGTCAAGTGCCTTTTGTAGTGTGAA( GAGCC 600

I|II||IIII||IIIlI]IHIlIIlIIIIIIlIIIIIIlII|IIIII1I|III||IIlI
Sbjct 672  ATATGTTTATCAAACTCAGTCAAGTGCCTTTTGTAGTGTGAAGAAACTCAAAGTAGAGCC 731

Query 601  AAGCAGTTGTGTATTCCAGGAAAGAAACTATCCACGGACCTATGTGAATGGTAGAAACTT 660

FLLEELLEE L LLLEELEEEL L L LR L TR LT TLLLT ] IIlI
Sbjct 732  AAGCAGTTGCGTTTTCCAGGAAAGAAACTATCCACGGACCTATGTGAATGGTAGA 791

Figure S12. Comparative analysis of the FASTA sequences of the healthy and mutated Hipk3 genes revealed that approximately 20% of the total

observed variations are found in the mutated sequence.
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PREDICTED: Pongo abelii NUMB endocytic adaptor protein (NUMB), transcript variant X10, mRNA
Sequence ID: XM_054529722.1 Length: 4233 Number of Matches: 1

Range 1: 694 to 4233 GenBank Graphics

Score Expect Identities Gaps Strand
6220 bits(3368) 0.0 3491/3550(98%) 10/3550(0%) Plus/Plus
Query 55 ATTTGAGGCTTAAGCAACTTCTTCCGGGGAAGAGTGCCAGTGCAGCCACTGTTACAATTC 114
IIIIIIII|III1I|IllIIl|I|I|II|II LELULLLELLEELtL tiil IIIIlI
Sbjct 694  ATTTGAGGCTTAAGCAACTTCTTCCGGGGAAAAGTGCCAGTGCAGCCGCTGTTGCAATTC 753
Query 115  AAGATCTTGATCTATATCCA GATTGGAATATTGGTGGGC(AGCAATCCTCAGACGCCT 174
LELLELLEEE L R et e b bbb e e il 1l
Sbjct 754  AAGATCTTGATCTATATCCATAGATTGGAATATTGGTGGGCCAGCAATCCTCAGACACCT 813
Query 175 CACTTAGGACAAATGAGG cr AGGCTTGGTGAAGTTACGAAACTTGTCCAAAATCAC 234
LLLLELLLILL TLLLL 1111 ||IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
sbjct 814 QLHAAU A MALEALE L LA LA H LML 675
eidbeE it nmnhnminttrir
Sbjct 874  ACAACTTGTAAAGGGCACAGCCAAGATTCAGAGCCAGGCTGTAAAAATTAAAATGAACAA 933
Query 295  ATTACGGCAAAGTTTTAGG AGAAAGAAGG TGTTTATGTTCCAGAGGCCAGTCGTCCACA 354
LoLERLEEE R L e e e e e it bbbl
Sbjct 934  ACTACGGCAAAGTTTTAGGAGAAAGAAGGATGTTTATGTTCCAGAGGCCAGTCGTCCACA 993
Query 355  TCAGTGGCAGACAGATGAAGAAGG! GTTCGCACCGGAAAATGTAGCTTCCCGGTTAAGTA 414
LECLLLRERRE R e et renee e LEeee e enereetll
Sbjct 994  TCAGTGGCAGACAGATGAAGAAGGTGTTCGCACAGGAAAATGTAGCTTCCCGGTTAAGTA 1053
Query 415  CCTTGGCCATGTAGAAGTTGATGAATCAAGAGGAATGCACATCTGTGAAGATGCTGTAAA 474
LLLLLLLE L et e bbb nittl
Sbjct 1054 CCTTGGCCATGTAGAAGTTGATGAATCAAGAGGAATGCACATCTGTGAAGATGCTGTAAA 1113
Query 475  AAGATTGAAAGCTGAAAGGAAGTTCTTCAAAGGCTTCTTTGG CTGGAAAGAAAGC 534
LLELLLLEEEE Rt e bbb eereenittl
Sbjct 1114 AAGATTGAAAGCTGAAAGGAAGTTCTTCAAAGGCTTCTTTGG CTGGAAAGAAAGC 1173
Query 535  AGTTAAAGCAGTTCTGTGGGTCTCAGCAGATGGACTCAGAGTTGTGGATGAAAAAACTAA 594
ANy NN Ra RNy,
Sbjct 1174 TGTTAAAGCAGTTCTGTGGGTCTCAGCAGATGGACTCAGAGTTGTGGATGAAAAAACTAA 1233
Query 595  GGACCTCATAGTTGACCAGACGATAGAGAAAGTTTCTTTCTGTGCCCCAGACAGGAACTT 654
IlIlIIIlIIIIlIIIllI]]IIIII!IIIIII]II[I]IIIIIIIIIIII LLLLLLL)
Sbjct 1234 GGACCTCATAGTTGACCAGACGATAGAGAAAGTTTCTTTCTGTGCCCCAGATAGGAACTT 1293
Query 655  TGATAGAGCCTTTTCTTACATATGCCGTGATGGCACCACTCGTCGCTGGATCTGTCACTG 714
LELLRLRELE e ettt et b i et netnl
Sbjct 1294 TGATAGAGCCTTTTCTTACATATGTCGTGATGGCACCACTCGTCGCTGGATCTGTCACTG 1353

Figure S13. FASTA comparison demonstrates~30% of mutations in the defective gene, with additional Numb gene mutations identified via BLAST
analysis on the NCBI server.
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