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Abstract

In recent years, RNA-binding proteins (RBPs) have emerged as key regulators of post-transcriptional processes, embryonic
development, and cancer cell proliferation. The MEX-3 family consists of evolutionarily conserved RBPs that have roles in
post-transcriptional expression, embryonic development, and cancer processes. These proteins are distinguished by their
structural features, notably the tandem KH domains (KH1 and KH2) and a C-terminal RING-like domain. Structure analysis
revealed specific functional specialization of the KH domains, where the GxxG loop of the KH1 domain supports linear RNA
binding and the extended GxxxGxxG loop of the KH2 domain supports complex RNA conformations. Through pan-cancer
bioinformatics analysis, we found strong correlations of MEX-3 gene expressions, patient outcomes, and immune cell
infiltration in different types of cancer, implicating specifically MEX3A and MEX3C as cancer prognostic markers and targets
of therapy. While our study provides valuable insights into the molecular mechanisms of MEX-3 proteins, experimental
validation including the enrichment analyses and protein-protein interaction mapping will need to establish these
bioinformatics predictions conclusively. Overall, this study provides a solid foundation of the MEX-3 proteins' multifunctional
character and emphasizes their potential in cancer therapy and prognosis.

Keywords: MEX-3; RNA binding proteins (RBPs); evolutionary conservation and divergence; pan-cancer analysis;
post-transcriptional regulation; cancer biomarkers.

1. Introduction

RNA-binding proteins (RBPs) act as post-transcriptional expression regulators, regulating mRNA stability, translation, and
localization to maintain cellular homeostasis and developmental specialization 2131, The MEX-3 family, which is identified
in Caenorhabditis elegans for cell specification in embryos, is a conserved factor in RNA metabolism that bridges
identification and ubiquitin-dependent protein degradation [°!, Tandem K-homology (KH) RNA-binding domains and a
RING-like motif at the C-termini are characteristic for MEX-3 proteins and are a convergence of post-transcriptional and
post-translational control [°!. They affect a wide range of biological processes, including stem cell homeostasis, neurogenesis,
immunology, and oncogenesis, due to their dual activity [7®], Despite the MEX-3 family being evolutionarily conserved and
serving various activities, the processes behind structure-based specificity in RNA recognition, divergence in functions
across species, and context-dependent functions in illness remain unknown.

In recent years, MEX-3 family members have evoked ever-increasing interest for their mysterious contributions to
developmental fidelity and pathological dysregulation. MEX3C, for example, supports antiviral immunity by ubiquitinating
RIGI, whereas overexpression causes metastatic hepatocellular carcinoma via JAK/STAT signaling ®). Similarly, MEX3A
preserves stem cell quiescence in the gut whereas inhibiting autophagy increases tumor aggressiveness [l Such dual
activities necessitate a comprehensive synthesis of MEX-3 biology to address complexity in processes and translatable
potential.

The urgency of this study is underscored by the growing link between MEX-3 dysregulation and human diseases. Over 30%
of cancers exhibit aberrant MEX-3 expression, correlating with poor prognosis and therapy resistance. Concurrently,
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mutations in MEX3D are implicated in neurodevelopmental disorders like autism spectrum disorder (ASD), highlighting its
role beyond oncogenesis [, Yet, no comprehensive framework exists to reconcile these disparate findings or guide
therapeutic innovation.

Here, we present the first cross-species, multidisciplinary analysis of MEX-3 proteins, uniting structural biology,
evolutionary genomics, and clinical insights. We further propose a novel classification of MEX-3-driven RNA regulatory
networks, integrating phase separation and ubiquitination dynamics. This study begins by elucidating the molecular
architecture of MEX-3 proteins, emphasizing KH domain plasticity and RING-like domain functionality. Next, we trace their
evolutionary conservation and diversification across metazoans, linking structural motifs to biological outcomes. Finally,
through pan-cancer analyses, we explore their roles in development, homeostasis, and disease, with a focus on cancer.

2. Materials and Methods
2.1 Gene and Protein Structure Analysis

MEX-3 protein sequences containing KH (K-homology) RNA-binding domains and RING-like domains were retrieved from
NCBI (https://www.ncbi.nlm.nih.gov/) and UniProt databases.We specifically focused on the two tandem KH domains (KH1
and KH2) characterized by conserved GxxG and GxxxGxxG motifs and the C-terminal RING-like domain.

2.2 Conservation Analysis
2.2.1 Sequence Retrieval and Alignment

Protein and DNA sequences of MEX-3 homologs from multiple species, including Caenorhabditis elegans, Drosophila
melanogaster, Danio rerio, Mus musculus, and Homo sapiens, were downloaded from the NCBI database. Global alignments
were performed using customized nucleotide substitution matrices for DNA sequences (+2 match, -1 mismatch) and the
PAM250 matrix (Gap opening = -5, Gap extension = -1) for protein alignments. Alignment analyses were conducted using R
software (version 4.3.3) and the Biostrings package. Amino acid sequences were aligned by ClustalW
(http://www.ebi.ac.uk/clustalw/) '],

Specially, conservation analysis of KH domains (KHI1: positions 45—113, KH2: positions 135-202 in C. elegans) was
performed by comparing corresponding homologous sequences from selected species.

2.3 Pan-Cancer Expression and Prognostic Analysis

Expression abundance of MEX-3 genes was retrieved from the Human Protein Atlas (HPA) database
(https://www.proteinatlas.org/) for 18 immune cell types and peripheral blood mononuclear cells (PBMC) 21, The
expression profiles across 37 normal tissues were obtained from the GTEx database.

For comprehensive pan-cancer analysis, the uniformly normalized pan-cancer dataset TCGA TARGET GTEx (PANCAN,
N=19131, G=60499) was downloaded from UCSC Xena Browser (https://xenabrowser.net/). Expression data for genes
ENSG00000254726 (MEX3A), ENSG00000183496 (MEX3B), ENSG00000176624 (MEX3C), and ENSG00000181588
(MEX3D) were extracted. Samples selected included Solid Tissue Normal, Primary Solid Tumor, Primary Tumor, Normal
Tissue, Primary Blood Derived Cancer - Bone Marrow, Primary Blood Derived Cancer - Peripheral Blood, Metastatic
(TCGA-SKCM), and Recurrent Blood Derived Cancer - Bone Marrow. Expression values underwent log2(x+0.001)
transformation. Cancer types with fewer than three samples for differential expression analyses and fewer than ten samples
for prognostic analyses were excluded, resulting in 18 cancer types for differential expressions and 27 cancer types for
prognostic analyses.

Differential expression between tumor and normal samples was analyzed using the unpaired Wilcoxon Rank Sum and
Signed Rank Tests in R software (version 4.3.3). High-quality clinical follow-up data from a previously published TCGA
pan-cancer study '3 and TARGET follow-up data were incorporated for prognostic analyses. Samples with follow-up
duration of fewer than 30 days were excluded. Prognostic relationships between gene expression and survival outcomes were
analyzed using Cox proportional hazards regression models implemented via the survival package (version 3.2-7) in R
software, with statistical significance assessed by the Logrank test.
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2.4 Immune infiltration correlation analysis

In order to determine if there is a correlation of MEX3B expression with that of cancer immune microenvironment,
uniformly normalized pan-cancer data TCGA TARGET GTEx (PANCAN, N=19131, G=60499) was downloaded in UCSC
Xena Browser (https://xenabrowser.net/). Expression data of ENSG00000183496 (MEX3B) were downloaded, and samples
of Primary Blood Derived Cancer - Peripheral Blood (TCGA-LAML), Primary Tumor, Metastatic (TCGA-SKCM), Primary
Blood Derived Cancer - Bone Marrow, Primary Solid Tumor, and Recurrent Blood Derived Cancer - Bone Marrow were
retained. Data with zero expression value was eliminated, and log2(x+0.001) transformation was applied to non-zero data.

In immune infiltration analysis, we also transformed the gene expression profiles into GeneSymbol and applied the TIMER
method programmed in the R package IOBR (version 0.99.9). This approach estimated infiltration of six types of immune
subtypes (B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells, DCs) in every one of the tumor
samples. We then calculated the correlation between MEX3B expression and infiltration scores using the Pearson’s
correlation coefficient with the corr.test function from the psych package (version 2.1.6) in R. A total of 38 tumor types and
9401 tumor samples were included in this analysis. Significance was assessed at p < 0.05, with multiple testing correction
applied.

3. Results
3.1 Gene and Protein Structure

MEX-3 protein contains the hallmark tandem pair of KH (K-homology) RNA-binding domains with a more C-terminal
RING-like domain common to all MEX-3 proteins.

The KH of MEX-3 proteins, each about 70 amino acids, is the KH domains that folds in a typical a-f fold structure
containing conserved GxxG or GxxxGxxG motifs.

The GxxG loop is a critical loop in the KH domain, which usually falls between two a-helices, al and o2 (Figure 1A) [, It
contains normally two glycine residues and other hydrophobic or small amino acids, giving it considerable flexibility 31,
This can adapt to the structure of RNA and will form hydrogen bonds with the RNA phosphate backbone through its amino
acid backbone, permitting specific interaction with RNA. Compared to other loops classified under the same structural
category, unique flexibility grants the GxxG loop characteristics of a "hinge" during the RNA binding that enables optimal
conformations of an entry to a groove of binding with subsequent stabilization of the complex formed (Figure 1B) [1°],

The MEX-3 protein's KH2 contains a GxxxGxxG loop. This loop, like the GxxG loop, is located between the al and a2
helices (Figure 1C) ['"l. However, the GxxxGxxG loop contains more amino acids than the GxxG loop, primarily multiple
glycines and other hydrophobic residues (Figure 1D).
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A

Figure 1. Comparison of KH domain of MEX-3 of various species.

Red dashed lines highlight the GxxG and GxxxGxxG motif, which is critical for the recognition of complex RNA structures.

(A) Three-dimensional framework of the KH1 domain of the C. elegans protein MEX-3. The KH1-residue conserved motif
of the form GxxG is further emphasized. (B) Close-up of the GxxG motif of the KH1 domain of D. rerio MEX-3 with the
crucial residues colored red. (C) C. elegans MEX-3 KH2 domain with the conserved motif of GxxxGxxG within KH2. (D)
Close-up of the KH2 domain of the Danio rerio MEX-3 with the critical amino acid positions colored red. (E)
Three-dimensional fold of the Homo sapiens MEX-3 KH1 domain with the conserved motif of the type GxxG marked. (F)
Structure of the KH2 domain of H. sapiens MEX-3 with the conserved motif of GxxG and the motif of GxxxGxxG. In each
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panel, the a-helices appear in purple and the B-strands in green with the conserved RNA-binding motifs (GxxG and
GxxxGxxQG) emphasized, highlighting how they are structurally conserved among the different species.

3.2 Conservation of the MEX-3 Gene

MEX-3 was first discovered in the nematode C. elegans. Because the gene family controls several critical functions in
growth and development across species, it has been evolutionarily conserved 48],

Global alignments found nucleotide identities ranging from 22.29% to 40.04%, indicating varying levels of divergence.
Protein alignments with the PAM250 matrix revealed an amino acid identity range of 25.49% to 32.78% (Table 1),
indicating modest protein conservation.

Conservation is particularly high within the actual core RNA-binding sites of KH domains, where critical residues essential
for RNA interaction are invariably preserved across species (GxxG and GxxxGxxG loop). Similarly, other selective
pressures reported in the Figure 2A, B, C have maintained KH domains for RNA binding against the divergence of the
nonfunctional regions. These further underlines how functional domains could be evolutionarily held as "anchors," where
selected crucial biological functions must at all costs be maintained while auxiliary sequences could evolve to support
specialization.

Notably, KH domains are not universally conserved but are localized on regions directly engaged in RNA recognition and
stabilization, emphasizing their importance in post-transcriptional control (Table 1).

The table presents the percent identities at the protein and DNA levels and the percent similarities and residue ranges of the
KH1 and KH2 RNA-binding domains between C. elegans and D. melanogaster, D. rerio (MEX3A, MEX3B, MEX3C), Mus
musculus (Mex3a, Mex3b, Mex3c, Mex3d), and H. sapiens (MEX3A, MEX3B, MEX3C, MEX3D), thereby revealing the
conservation of the core RNA-binding areas at the evolutional level and the probable divergence of the functions between the
different species.

Table 1. Comparative KH Domain Analysis of MEX-3 Genes between Species.

Siyesion (ComnEraT ](3/10\;A Identity g};:;tein Identity 5/131 Similarity KHI Range ggZ Similarity KH2 Range
C. elegans - - - 45-113 - 135202
D. melanogaster 25.75 27.78 89.47 121-189 80 232-299
D. rerio (mex3a) 33.17 32.09 49.28 114-184 44.12 206-273
D. rerio (mex3b) 35.26 31.24 59.65 56-124 47.06 153-220
D. rerio (mex3c) 40.04 32.78 50.77 139-207 45.59 233-300
Mus musculus (Mex3a) 39.7 32.57 50.77 130-198 85 222-289
Mus musculus (Mex3b) 35.82 29.21 59.65 71-139 47.06 166-233
Mus musculus (Mex3c) 24.95 27.26 49.23 223-291 45.59 318-385
Mus musculus (Mex3d) 39.59 25.49 59.65 232-300 45.59 327-39%4
H. sapiens (MEX3A) 3741 32.38 50.77 130-198 85 222-289
H. sapiens (MEX3B) 35.89 29.78 59.65 64-132 47.06 159-226
H. sapiens (MEX3C) 22.29 27.26 49.23 230-298 45.59 325-392
H. sapiens (MEX3D) 30.8 25.81 59.65 177-245 45.59 272-339
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Figure 2. Evolutionary conservation of MEX-3 protein domains across metazoans.

Multiple sequence alignment of MEX-3 homologs from Caenorhabditis elegans (reference sequence), Drosophila
melanogaster, Danio rerio (MEX3A-C), Mus musculus (Mex3A-D), and Homo sapiens (MEX3A-D), generated using
Clustal Omega and visualized with Jalview. (A) KH1 RNA-binding domain (orange dashed box) exhibits a conserved
GXXG motif (red underline), a hallmark of K homology domain architecture. (B) KH2 RNA-binding domain (red dashed
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box) contains a signature GXXXGXXG sequence (red underline). (C) RING finger domain (green dashed box) preserves the
characteristic Cys/His coordination pattern required for ubiquitin E3 ligase activity. Additionally, in the first C. elegans
sequence (unaligned, first row), the KH1 domain (positions 45—113) contains a conserved GXXG motif, and the KH2
domain (positions 135-202) contains a GXXXGXXG motif, both of which are separately marked with red underlines.
Conservation scores and sequence quality metrics are shown below the alignment, illustrating sequence conservation across
species.

3.3 Pancancer Analysis
3.3.1 MEX3A

Data from GTEx shows that high expression is observed in such tissues as the ovary, endometrium, cervix, salivary gland,
and retina (Figure 3A). Furthermore, pan-cancer analysis of MEX3A identifies that such a gene is positively correlated with
naive B-cell in a range of cancers (Figure 3B).

Besides its expression in normal tissues, analysis from TCGA, however, depicts MEX3A differential expression concerning
tumor versus normal tissues: it is remarkably upregulated, for instance, in different types of cancer, human breast cancer
(BRCA), lung adenocarcinoma (LUAD), liver carcinoma (LIHC), and uterine corpus endometrial carcinoma (UCEC)
(Figure 3C).

TCGA-based Cox regression analysis revealed that MEX3A has high prognostic value in many cancers (Figure 3D). In this
regard, high expression levels of MEX3A have been associated with poor OS in UCEC, LIHC, MESO, SARC, ACC, and
PCPG.
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Figure3 Multi-panel figure of overall summary data for MEX3 A expression and its prognostic potential for different tissues and cancers.

(A) The bar plot (GTEx database) shows the normalized transcript expression levels (nTPM) for MEX3A for different
normal tissues, where its comparatively high expression can be observed for reproductive organs and some endocrine tissues.
(B) The bar plot (HPA database) presents MEX3A expression levels for different populations of immune cells, suggesting
potential functions for MEX3A during immunological processes. (C) The box-and-whisker plots (TCGA database, Tumor vs.
Normal) compare MEX3A expression levels for different cancer tissues against matched normal tissues for different cancers,
where some cancers reflect upregulated and some reflect decreased expression levels. (D) The forest plot (TCGA database,
Cox regression) depicts the hazard ratios (HR) with 95% CI, where MEX3A expression levels were correlated with overall
survival.

3.3.2MEX3B
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As observed from GTEx, MEX3B shows high tissue-specific expression in the reproductive organs, with the highest
expression in the testis (Figure 4A). Moreover, high expressions in regions of the brain, such as the cerebellar and cerebral
cortex [19]. According to the HPA database, MEX3B is mainly expressed in myeloid DCs (Figure 4B).

MEX3B exhibits complex expression patterns in cancers and follows a type-dependent pattern. As seen from the TCGA
database (Figure 4C), for example, results showed that in several types of cancers, MEX3B mRNA expression was higher
(LIHC and LUSC with a p-value < 0.0001) compared to the normal samples. Further Cox regression analysis was performed
to investigate the overexpression of MEX3B (Figure 4D), which is closely linked to poor prognosis in several types of
cancers, such as PCPG and ACC, thus acting as a good biomarker for prognosis.

Aside from tissue-specific expression and prognosis, we further investigated MEX3B expression correlation with immune
cell infiltration across cancers. Based on TIMER-based infiltration scores, MEX3B correlated significantly with multiple
immune cell subsets in 36 of 38 cancer types (Figure 5).

Most notably, expression of MEX3B showed significant positive correlation with dendritic cell (DC) infiltrations in cancers
such as PRAD (r=0.38, p <0.001), THYM (r= 0.56, p < 0.001), COADREAD (r=0.53, p < 0.001), and LIHC (r=0.33, p
< 0.001). Similar positive correlations also appeared with macrophages and CD4+ T cells in several kinds of cancer. Those
findings further validate earlier observations in the HPA database that MEX3B is enriched in myeloid DCs, and thus it could
play a role in regulating antigen presentation and anti-suggest immunity in microenvironments of cancer.

Overall, these results unveil MEX3B as a cancer prognosis predictor and a potential immune landscape modifier, particularly
in its association with dendritic cells.
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Figure 4 multi-panel figure of overall summary data for MEX3B expression and its prognostic potential for different tissues and cancers.

(A) The bar graph (GTEx database) represents the normalized transcript levels of MEX3B (nTPM) across the different
normal tissues with its relatively higher levels of expression being observed in the case of the testis, cervix, endometrium,
and other reproductive tissues. (B) The bar graph (HPA database) represents the levels of MEX3B across the different types
of immune cells with potential functions of MEX3B being shown to occur in the course of immunological events. (C) The
box-and-whisker plots (TCGA database, Tumor vs. Normal) compare MEX3B expression levels for different cancer tissues
against matched normal tissues for different cancers, where some cancers reflect upregulated and some reflect decreased
expression levels. (D) The forest plot (TCGA database, Cox regression) of the hazard ratios (HR) with 95% CI with the
levels of MEX3B expression being correlated with overall survival.
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Figure 5 Correlation of MEX3B expression with tumor-infiltrating immune cells across cancers.

Pearson correlation coefficient heatmap of MEX3B expression and six kinds of immune cell infiltration (B cells, CD4+ T
cells, CD8+ T cells, neutrophils, macrophages, dendritic cells, DCs) in 38 kinds of TCGA tumors (N = 9401). Red, positive

correlation; blue, negative correlation. Asterisks denote significance levels (p < 0.05: *, <0.01: **, <0.001: *** < 0.0001:

3.3.3 MEX3C

Based on the GTEx database analysis, MEX3C showed high expression in reproductive tissues like the testis, retina, and
adipose tissue, suggesting important functions related to reproductive health, visual function, and metabolic regulation
(Figure 5A). Data from the HPA database also revealed that MEX3C is most highly expressed in basophils and memory
T-cells, which suggests its involvement in immunomodulation (Figure 5B). MEX3C expression in cancers has been reported
across a wide array of malignancies (Figure 5C). Among them, MEX3C showed higher expressions with very low p
values—Iless than 0.0001—in cholangiocarcinoma (CHOL), esophageal squamous cell carcinoma (ESCA), and stomach
adenocarcinoma (STAD)—all suggesting its role in the said cancer types as pro-oncogenic. High expression of MEX3C has
been further demonstrated in Cox regression analysis to result in poor prognosis in several cancers, including adrenocortical
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carcinoma, mesothelioma, and liver hepatocellular carcinoma (Figure 5D). In contrast, MEX3C appears to have a protective
function in thymoma, esophageal squamous cell carcinoma, and skin cutaneous melanoma, as evidenced by better patient
prognosis associated with higher levels of this gene.
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Figure.6 Multi-panel figure of overall summary data for MEX3C expression and its prognostic potential across diverse tissues and cancers.

(A) The bar graph (GTEx database) represents the normalized transcript-level expression (nTPM) of MEX3C among the
normal tissues with a significant enrichment of its comparatively high levels of abundance among the testis, retina,
endometrium, adipose tissue, ovary, and small intestine. (B) The bar graph (HPA database) represents the levels of MEX3C
among the various groups of immunocytes with potential roles of MEX3B among immunological events. (C) The
box-and-whisker plots (TCGA database, Tumor vs. Normal) compare MEX3C expression levels for different cancer tissues
against matched normal tissues for different cancers, where some cancers reflect upregulated and some reflect decreased
expression levels. (D) The forest plot (TCGA database, Cox regression) depicts the hazard ratios (HR) with 95% CI, where
MEX3B expression levels were correlated with overall survival.
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3.34MEX3D

From the GTEx database, there is a high expression in MEX3D regarding reproductive tissues, especially in the testis (Figure
6A); Moderate expression in the endometrium, ovary, and spinal cord. MEX3D is overexpressed at high levels in certain
types of cancer, such as cholangiocarcinoma (CHOL), head and neck squamous cell carcinoma (HNSC), liver hepatocellular
carcinoma (LIHC), and lung squamous cell carcinoma (LUSC), with exceedingly high overexpression (p < 0.0001) (Figure
6C). The Cox regression analysis further supports the fact that high expression of MEX3D is associated with poor prognosis
in several types of cancers, such as PRAD, ACC, LGG, MESO, and SARC (Figure 6D). On the other hand, cancers such as
thymoma and esophageal squamous cell carcinoma may be associated with protective overexpression of MEX3D, leading to
higher overall survival rates (Figure 6D).

A GTEx database B HPA database (Immune cells)
Testis
Endometrium
=
i .
Spinal cord =
Skin
Esophagus
Vagina D@ D D @ DD D DO DD D @ D e U o. O
N S & ¢ S 9 > @ N &
Salivary gland &OQ & QQQ &8 (\o“* ««0 c&p b:\o Q’«,o 6\60 @%,o b:\o %«,o \»\‘OQ & °o$ 6\60 <X QQ’\k
Cervix {mm < 06\0 <& © o \S% @° S @*\q’ & 000 OOO <~ A ° & ,\o\?}
Hippocampus & L W~ e@oc\ < V\@\* ‘\f},\* &é}(’ Q\,bro
Amygdala P @«6\ WK o
Colon ¥ <«
Adipose tissue TCGA database (Tumor vs Normal)
Breast
Lung B3 Normal B3 Tumor

Cerebral cortex

Pancreas

Thyroid gland F L P E L L OO D D
Caudate 2 Q\e ‘PQ \}Q\ \9? \9 QYY Qc‘? QQS. ‘}v N\ NS \BOQ,

Liver D TCGA database (Cox regression)

Cerebellum

Small intestine Overall survival - Risky NoSig

Urinary bladder kb aaae ok ke aese e ARas Aaas e ke sk Do W me aems ame e »
Fallopian tube 8 *
Stomach ° .
Prostate § 3 : ' B ! : : . .
Substantia nigra "] :
Putamen ‘n'i 0 *+ ++ 5 _*
Hypothalamus {sm 2 o + * + +
Heart muscle g»s ! ‘ I S ! ! : —f | ;
. : . L : : : = " :
Pituitary gland y=
Nucleus accumbens
Kidney
Adrenal glandr
Spleen
Skeletal muscle

HR (95%Cl)
~ o

N
==
=
e
- —

Retina

0
0 20 40 60 ‘5&
nTPM

Figure 7 multi-panel figure of overall summary data for MEX3D expression and its prognostic potential across diverse tissues and cancers.

(A) The bar plot (GTEx database) presents the normalized transcript-level expression (nTPM) for MEX3D in multiple
normal tissues, highlighting its comparatively high abundance in testis, endometrium, ovary, and spinal cord. (B) The bar
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plot (HPA database) offers a detailed view of MEX3D expression among various immune cell subsets (no data). (C) The
box-and-whisker plots (TCGA database, Normal vs. Tumor) represent the amount of MEX3D in tumor and respective
normal counterparts in a wide array of cancers with upregulated and downregulated tendencies. (D) The forest plot (TCGA
database, Cox regression) represents HR with 95% CI, in which the amount of MEX3D is correlated with survival.

4. Discussion
4.1 Gene and Protein Structure
4.1.1 KH Domains

This domain is used for direct binding of the protein to target mRNA sequences, often targeting the 3" UTR through the
unique U-shaped groove formed by the arrangement of o-helixes and B-sheets ?%). Several RBPs have been shown to have
correlated regulatory patterns. Indeed, researchers discovered that KH domain-containing KSRP promotes ARE-directed
mRNA degradation by interacting with AU-rich motifs (AREs) in 3'untranslated regions and recruiting degradation
components such as the exosome complex and PARN deadenylase !l. This functional overlap is evident in MEX-3
modulation of mRNA stability, highlighting the regulatory relevance of RBPs in gene control after transcription.

4.1.2 Function and Location of the GxxG Loop

This particularity points to a special case for recognition of rather simple, linear RNA pieces, for example, single-stranded
RNA fragments. The structure in KHI, which has been conserved through evolution in the GxxG loop, enables rapid
recognition and initially anchoring RNA, thus laying a foundation for subsequent complex interactions.

4.1.3 Function and Location of the GxxxGxxG Loop

The GxxxGxxG loop is especially well-suited for recognizing and binding to complex RNA secondary structures like stem
loops and hairpins due to its increased length and flexibility. The GxxxGxxG loop can interact with RNA's stem and loop
regions multiple times, forming hydrogen bonds, hydrophobic interactions, and n-n stacking with aromatic residues 2?1 This
multiplicity of interactions enhances the specificity and stability of complex RNA structure recognition, enabling MEX-3 to
precisely regulate complex RNA translation and degradation P!l. As a result, the GxxxGxxG loop in KH2 is more flexible
and long enough to accommodate both secondary and tertiary RNA structures, which is critical for regulating the translation
or stability of complex mRNAs within cells.

4.1.4 Evolutionary Optimization and Functional Differentiation

From an evolutionary standpoint, the distinct G-loops in KH1 and KH2 reflect functional specialization and optimization.
While KHI1 has evolved a rapid initial anchoring capability via the GxxG loop (Figure 1E), KH2 has evolved a more
complex GxxxGxxG loop to accommodate a variety of RNA secondary structure needs (Figure 1F). This functional
differentiation allows MEX-3 proteins to bind different RNAs under different conditions, helping to regulate RNA
translation, localization, and degradation. Indeed, the structures of KH1 and KH2 facilitate cooperative RNA binding: KH1
is thought to mediate the initial anchoring interaction, whereas KH2 interacts with larger regions of the RNA, increasing
specificity and affinity. This cooperation is particularly critical during embryonic development. For instance, during early
embryogenesis in Caenorhabditis elegans, MEX-3 inhibits pal-1 mRNA translation via this pathway with high specificity,
ensuring proper specification of cell fates.

4.2 Conservation of the MEX-3 Gene

In Drosophila melanogaster, homologs of MEX-3 act in nervous system development. In zebrafish and in mice, MEX-3
genes have been observed to act in the development of a variety of such systems, including nervous, hematopoietic, and
gastrointestinal systems [°). Furthermore, the two highly conserved K-homology RNA-binding motifs of the MEX-3 proteins
exhibit more than 50% interspecies sequence similarity (Table 1). The analysis of the conservation of the MEX-3 homologs
will be valuable in unraveling the functional and biological significance of the MEX-3 proteins in organisms. Notably, while
C. elegans MEX-3 lacks a C-terminal RING finger, an E3 ubiquitin ligase module, this domain is present in ascidian, insect,
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and mammalian MEX-3 homologs, indicating that additional ubiquitination functions were incorporated into the MEX-3
family in higher animals (4],

In fact, KH domains are highly conserved across species, including KH1 and KH2, pointing out their important functions in
evolutionary biology. For example, comparative studies between humans and mice indicate that KH1 exhibits sequence
identity ranging from 50.77% to 59.65%, while KH2 of Mex3a/MEX3A demonstrates up to 85.00% sequence similarity
(Table 1). The conservation at such a high degree shows that these domains have been under strong purifying selection in
order to maintain their structural and functional integrities through evolution. Such high conservation exists among KH
domains; it says much about their importance in RNA binding and regulation—a process integral in both gene expression
and cellular function.

4.2.1 Functional Significance

First, KH domains play a pivotal role in RNA stability, transcripts remain intact and functional in cellular processes [23].
Second, their involvement in the transport of RNA is critically involved in the proper localization of the RNA molecules into
specific cellular compartments, among the important steps in the spatial regulation of gene expression [4. Third, KH
domains play a central role in RNA splicing, probably through the recognition and stabilization of specific RNA motifs that
ensure accurate exon-intron processing 2. Finally, these domains have been implicated in translation regulation by
mechanisms that may include their RNA-binding ability, which could affect either the assembly of the ribosome or the
efficiency of protein synthesis 2],

Given their functional responsibilities, the development of the KH1 and KH2 domains clearly implies that they are
continually and closely involved with RNA-mediated pathways throughout species. More importantly, it emphasizes that
they serve as the focal point of RNA regulatory networks that are responsible for the robustness of gene expression responses
to intracellular environment and developmental inputs.

4.2.2 Diversity in Overall Sequences

Comparative analyses reveal low homology of both protein and DNA sequences across species, which range between 25.49%
and 32.78% identity for protein sequences and between 22.29% and 40.04% identity for DNA sequences (Table 1). The great
divergence reflects the evolutionary diversity that characterizes the MEX-3 gene family. Such variability in the sequences
likely represents species-specific adaptations and the result of relaxed selective pressures on the non-functional or auxiliary
parts of these genes. The same tendency for divergence is observed in the Pumilio protein family, in which overall sequences
are highly divergent but contain a highly conserved RNA-binding Pumilio Homology Domain [2°!. This could enable them to
keep evolving toward species-specific functions even as the core RNA-binding function is maintained, striking a balance
between conservation and diversity as in the case of MEX-3 homologs.

4.2.3 Functional Divergence of KH Domains

Interspecies differences in sequence similarity between the KH1 and KH2 domains point to potential functional relevance.
For instance, the KH1 domain of D. melanogaster exhibits exceptional similarity (89.47%) to that of C. elegans, significantly
surpassing the similarities observed between other species pairs in this study (Table 1). It strongly indicated the conservation
of KHI1 in critical pathways of RNA regulation that must be evolutionarily conserved among species. In turn, conservation is
greater in the KH2 domain, indicating distinct selecting pressures to describe the function.

This difference in conservation between KH1 and KH2 implies functional specialization between them. While KHI1 may
have a function in influencing specific RNA targets for species-specific developmental events, conservation in D.
melanogaster could have occurred via mechanisms that modulate either early developmental phases or germline maintenance.
On the other hand, KH2 is assumed to possess more general and wide functions, including participating in basic cellular
processes such as RNA stabilization or translational control 7],

Taking together, these findings support an appealing model for understanding how MEX-3 proteins achieve modular
functionality to adapt to increasingly complex physiological events. This modularity allows for evolutionary stability in core
RNA-binding activity in MEX-3 proteins while, in parallel, allowing species-specific regulative function to be acquired.
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Similar functional diversification is observed in KH domains of the Poly(C)-binding protein family, where individual
domains contribute to RNA-binding specificity and regulative effects.

4.3 Pancancer Analysis
43.1 MEX3A
Expression in Normal Tissues

MEX3A is closely associated with reproductive and neuroendocrine tissues, suggesting a role it plays concerning the
regulation of reproductive physiology and neuroendocrine processes. More precisely, high expression in both the ovary and
endometrium points out the participation of MEX3A in the proliferative and differentiative events within the reproductive
cells.

Expression in Tumor Tissues and Oncogenic Roles

Moreover, this gene contributes to tumor development by ungoverned cell proliferation and loss of contact inhibition,
reducing apoptosis ?!1. Further studies show, MEX3A is implicated in the promotion of cancerous cell stemness and its
maintenance, such as in gastrointestinal intestinal crypts, where the expression of LGRS may be modulated in the context of
the core circadian clock gene BMALI1 1, In addition, emerging evidence highlights that MEX3A/Mex3a plays a crucial role
in intestinal homeostasis. It achieves this by regulating LGRS+ intestinal stem cells and functioning as an RNA-binding
protein involved in post-transcriptional regulation. In this instance, MEX3A/Mex3a acts to support postnatal stem cell
development and proliferative growth 1. This regulation is essential for maintaining the normal functioning of the intestine,
ensuring that the stability and regenerative potential of intestinal stem cells are preserved through the modulation of key
pathways such as PPARy and Wnt signaling.

Molecular Mechanisms

MEX3A is also reported to exhibit oncogenic properties through its multifunctional mechanisms, involving
post-transcriptional regulation and protein ubiquitination. For example, MEX3A affects the process of tumorigenesis in
ovarian cancer; by promoting the degradation of an important tumor suppressor, p53, it inhibits ferroptosis in cancer cells
and further promotes their survival and growth %, Furthermore, MEX3A facilitates the malignant process of ovarian cancer
by regulating the intron retention of the TIMELESS gene and thus contributes to the aggressive behavior of ovarian tumors.
This regulatory mechanism highlights the importance of the MEX3A/TIMELESS signaling pathway as one of the major
oncogenic pathways [3!l. Besides, MEX3A participates in epithelial-mesenchymal transition (EMT) in a wide range of cancer
types, including colorectal cancer, endometrial carcinoma, and lung adenocarcinoma. In this context, researchers unveiled
that RNA-binding protein Quaking (QKI) plays an imperative role in epithelial-mesenchymal transition (EMT) by
modulating circRNA production 2. This observation provides novel mechanistic insights regarding the role of MEX3A in
EMT in that circRNAs can act downstream to modulate cancer cell invasion and metastasis. More recently, MEX3A has
been found to interact with DVL3, a positive regulator of the Wnt/B-catenin signaling pathway, in stabilizing B-catenin and
inducing EMT. This interaction enhances the migration and invasion capacities of cancer cells, and in the process, positions
MEX3A in the role of a prometastatic factor in several types of cancers. Besides, its function in regulating RAP1/MAPK
signaling in colorectal carcinoma repositions its role in a driving role in tumorigenesis through a range of molecular
processes, such as through its association with hsa-miR-6887-3p [33],

Immune Modulation and Epigenetic Regulation

Furthermore, scientists state that expression of MEX3A is positively correlated with infiltration of specific types of immune
cells, such as B cells and macrophages, in adrenocortical carcinoma, sarcoma, and thyroid carcinoma 4. On the other hand,
in some malignancies, such as SARC, MEX3A expression inversely correlates with the infiltration of monocytes and M1
macrophages and may indicate the modulation of immune evasion mechanisms that favor the ability of the tumor to escape
from immune surveillance. Moreover, a comprehensive study of RNA modification in ovarian cancer identified that the
RNA-binding regulatory gene MEX3A may significantly affect the clinical outcome of ovarian cancer through epigenetic
mechanisms. It has been observed that the regulation of RNA modifications, such as m6A, m5C, and m1A, affects immune
microenvironments and tumor progression; thus, this points toward the role of MEX3A as a reader in these modifications [,
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Prognostic and Therapeutic Implications

MEX3A exerts a promoting role in the process of tumorigenesis, with MEX3A knockdown demonstrating a reduced cell
proliferation and invasion in a number of models of the disease. For example, the downregulation of MEX3A functions by
inhibiting the RhoA/ROCK1/LIMK1 pathway is important in cancer cell motility and metastasis in human breast cancer.
Additionally, MEX3A was significantly overexpressed in high-grade serous ovarian tumors compared to normal fallopian
tube tissues and was associated with poorer outcomes in EOC. Scientists have identified that MEX3A is one of the most
differentially expressed genes in ovarian cancer and might be implicated in key pathways related to the initiation and
progression of ovarian cancers, especially HGSC 1. Thus, MEX3A may turn into a target for new therapeutic interventions
that could diminish the aggressiveness of ovarian cancer, improving survival in patients.

432 MEX3B
Overview and Tissue Expression

MEX3B expresses highest in the testis, which reflects its possible role in spermatogenesis. Moreover, high expressions in
regions of the brain, such as the cerebellar and cerebral cortex, suggest its involvement in neuronal development [°1. From
immune perspective, MEX3B is mainly expressed in myeloid DCs, and it is thus suggested to have a regulatory role in
immune responses, especially antigen presentation.

Molecular Functions and Regulatory Mechanisms

MEX3B serves at the molecular level as a mechanistic link between RNA metabolism and protein regulation, acting as an
RNA-binding ubiquitin ligase (RBUL) in a wide variety of developmental and pathological conditions. It combined with the
transcription factor REST and long noncoding RNA HOTAIR to maintain the proliferative state in neuronal progenitor cells
(NPCs). In addition, MEX3B is involved in an autoregulatory circuit to destabilize its mRNA through binding to the 3' UTR,
reflecting a complex regulatory mechanism in neural patterning during early development ['*],

Further reinforcing its developmental significance, MEX3B operates as a post-transcriptional regulator during embryonic
development in various species. It modulates fibroblast growth factor (FGF) signaling by destabilizing mRNAs encoding
FGF components to an extent that is critical for the proper formation of the neural plate and mesoderm 1),

In gastric cancer, MEX3B acts in concert with HOTAIR to induce ubiquitination and degradation of the tumor suppressor
protein Runx3, thus promoting cell migration and invasion B37). These findings point out that it plays a key role in tumor
aggressiveness mediated by changes in post-transcriptional pathways.

Aside from its developmental and tumorous roles, MEX3B also plays a role in the control of apoptosis and cell stress
responses. Experimental data show that environmental stresses including hypothermia downregulate MEX3B, which in turn
reduces pro-apoptotic cell signaling and promotes cell survival B8],

Role in Immune Response and Evasion

The immune correlation analysis (Figure 5) further gives support that aligns with the immunological relevance of MEX3B.
Consistent with its strong expression in myeloid DCs, there was strong correlation of MEX3B expression with dendritic cell
infiltrations in different kinds of tumors, showing participation in directing antigen presentation as well as T-cell priming.
For example, MEX3B enhances IL-33 induction by suppressing miR-487b-3p-mediated repression during the course of
allergic airway inflammation, which underlines its critical role in the pathogenesis of allergic diseases *°1. More specifically,
MEX3B also functions as a co-receptor of Toll-like receptor 3, augmenting TLR3's dsSRNA-binding activity and advancing
the proteolytic activation that is required for the induction of an innate antiviral response. Furthermore, several roles
attributed to MEX3B in immune evasion provide additional implications related to cancer immunotherapy. Studies unveiled
a regulatory role of MEX3B, which can act with the 3'UTR of HLA-A mRNA, thus promoting instability in the latter and
translating it to its downregulation for finally decreasing the tumor cell cognition capability through T-cells %1, These
findings represent the potential resistance mechanisms underlying checkpoint blockade therapies, including anti-PD-1, and
even open the possibility of targeting MEX3B itself toward further enhanced antitumor immune efficiency. Moreover,
MEX3B regulates the degree of tissue fibrosis in chronic rhinosinusitis, especially in eosinophilic CRS with nasal polyps 1],

202



VOLUME: 01 ISSUE: 03 Journal of Cloud Computing and Data Analytics

It downregulates the mRNA stability of TGFBR3, which decreases collagen production and alleviates tissue fibrosis,
indicating a potential therapeutic target in chronic inflammatory diseases.

4.3.3 MEX3C
Overview and Expression Patterns

MEX3C was highly expressed in reproductive tissues, including the testis, retina, and fat tissue, indicating significant roles in
reproductive health, vision, and metabolic control. At the immune perspective, MEX3C is expressed at the highest levels in
basophils and memory T-cells, indicating a role in immunomodulation. In support of this, researchers demonstrated that
MEX3C plays an important role in antiviral innate immunity through K63-linked ubiquitination of RIG-I, which enhances
interferon-beta (IFN-B) production, which is a crucial step in the immune defense against RNA viruses 2,

Furthermore, MEX3C is associated with retinal health as it may participate in maintaining retinal pigment epithelium (RPE)
function under stress conditions such as riboflavin deficiency, supporting proper visual function. Additional studies in animal
models reveal that MEX3C plays a critical role in neurological development. For instance, MEX3C deletion in mice
produces neurodevelopmental abnormalities, including decreased neuronal numbers and impaired synaptic plasticity, which
has been linked to mitochondrial malfunction !, Additionally, knockout of MEX3C impairs cognitive function, synaptic
plasticity, and autophagy, further underlying its importance for neuronal health.

Expression in Cancer and Prognostic Implications

High expression of MEX3C has been further demonstrated in Cox regression analysis to result in poor prognosis in several
cancers, including adrenocortical carcinoma, mesothelioma, and liver hepatocellular carcinoma. In contrast, MEX3C appears
to have a protective function in thymoma, esophageal squamous cell carcinoma, and skin cutanecous melanoma, as evidenced
by better patient prognosis associated with higher levels of this gene. These divergent roles further point out the fact that
MEX3C could influence tumor progression based on the tumor type, using different mechanisms.

Mechanistic Insights

MEX3C enhances tumor metastasis in HCC through the JAK2/STAT3 pathway. In HCC, MEX3C could accelerate the
degradation of SOCS3 mRNA, resulting in continuous JAK2/STAT3 activation, which facilitated the invasion and
metastasis of HCC cells ®), MEX3C promotes the degradation of RUNX3 in lung adenocarcinoma by inducing
tumorigenesis through a novel MEX3C-RUNX3-Suv39H1 axis. MEX3C facilitates the progression of bladder cancer by
regulating lipid metabolism by activating the JNK signaling pathway, which results in enhanced cell migration and lipid
accumulation. Moreover, MEX3C acts to drive metastasis not only in bladder cancer but also interacts with lipogenic
enzymes and is thus implicated in lipid metabolism as a driver of cancer invasion ¥, These findings underlined the role of
MEX3C as a putative oncogenic driver in several malignancies.

In addition to its oncogenic activities in metastasis, MEX3C also plays a role in a variety of other biological processes. For
example, MEX3C regulates the RIG-I pathway, which is essential for innate immune defense against RNA viruses by
promoting interferon production [®). In the processes of extracellular vesicle biology, it's a crucial regulator of the packaging
of RNA in EVs and thus cell-to-cell communication pertinent to immune control and tumorigenesis 31,

Moreover, MEX3C plays an essential role in metabolic regulation and energy homeostasis. Deletion of MEX3C in mice
causes dysregulation of the metabolism by enhanced adiposity and disrupted glucose levels, indicating the evolutionarily
conserved role in lipid metabolism 461,

In addition, MEX3C is instrumental in growth regulation. It controls the expression of insulin-like growth factor 1 (IGF1), as
evidenced by MEX3C-deficient mice that display severe growth retardation and reduced chondrocyte hypertrophy [“61,
MEX3C mutations have also been linked to low adiposity and increased physical activity, also supporting its function in lipid
metabolism and energy balance.

Finally, MEX3C also plays a part in reproductive processes in addition to spermatogenesis. It plays a role in modulating
oocyte maturation by regulating mitochondrial activity and protein production during folliculogenesis, highlighting its role in
reproductive biology more broadly.
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43.4MEX3D
Overview and Tissue Expression

High expression in MEX3D regarding reproductive tissues, especially in the testis; Moderate expression in the endometrium,
ovary, and spinal cord. Thus, it is potential involvement in both reproductive and neurological regulation.

Oncogenic Roles and Prognostic Implications

Scientists demonstrated that MEX3D functions as a tumor promoter in cervical carcinoma by degrading TSC22D1 mRNA, a
critical regulator of cellular growth and apoptosis. High levels of MEX3D were also related to high-risk HPV infection,
suggesting that it may act downstream of viral oncogenes to facilitate tumorigenesis. MEX3D has been reported to be
targeted by the TMPRSS2/ERG fusion gene, which is a product known to drive oncogenesis in prostate cancer by aberrantly
upregulating expression of the TCF3 transcription factor, which may have a critical role in the malignant growth and
invasion of cancer (7).

Metastasis and Context-Dependent Functions

MEX3D has also been involved in cancer metastasis. Researchers discovered that MEX3D was highly expressed in brain and
lymph node metastases in breast cancer compared to primary tumors, indicating its role in promoting metastatic development.
Higher expression levels in primary breast tumors were associated with poorer recurrence-free survival, thus making
MEX3D a potential biomarker for aggressive breast cancers. MEX3D is associated with poor prognosis in several types of
cancers, such as PRAD, ACC, LGG, MESO, and SARC. Overexpression of MEX3D can subsequently increase
tumorigenicity and therapy resistance and is thus a useful prognostic indicator in these types of cancer. Conversely, thymoma
and esophageal squamous cell carcinoma have been implicated in protective MEX3D overexpression and are associated with
improved overall survival. The duality here, which similar to MEX3C, points to a context-dependent role that MEX3D may
play, and the interactions with various signaling pathways in various types of cancers could be the main determining factors.

Multifunctional Roles in Cancer and Neurological Contexts

MEX3D possesses multifunctionality in both cancer and neurological contexts. Hyperexpression of MEX3D in cancer,
including prostate and cervical cancer, is responsible for tumorigenesis and metastasis and is a poor or favorable prognostic
factor depending on the cancer type (1. Dysregulation of MEX3D and its role in neurological conditions, including NF1,
have, however, implicated its contribution beyond oncogenesis and also in diminishing the functionality of neurons 48],

5. Conclusion

In conclusion, our general analysis demonstrates that the MEX-3 group of RNA-binding proteins, typified by structurally
preserved but functionally divergent KH and RING-like domains, profoundly impacts RNA metabolism, developmental
fidelity, and diseases in a species-wide manner. These proteins enforce specific RNA interactions through structurally
different motifs: the GxxG loop of the KH1 domain supports rapid, linear recognition of RNA, whereas the extended
GxxxGxxG loop of KH2 supports conformational RNA secondary structure, and thus highly specific regulating control is
exerted. The pan-cancer analysis further underscores the clinical relevance of MEX-3 genes, particularly highlighting
MEX3A and MEX3C as promising biomarkers associated with prognosis and therapeutic responsiveness.

Our study, however, still has some limitations. The dependence on publicly available data and bioinformatics analyses
necessarily injects uncertainties and biases. Although our pancancer results identify robust expression trends and prognostic
correlations, validation in wet-lab experiments is necessary. Specifically, the structural and expression analyses—derived
functional mechanism and direct molecular interactions need experimental verification. Further, while we present
preliminary evidence of MEX-3, involved pathways, the study is not enhanced by systematic enrichment analysis and
exhaustive protein—protein interaction network mapping, which might further define functional partners and signaling
intersections. These strategies need to supplement future validation in a variety of biological contexts and cancer models.

Future studies should overcome these shortcomings by demonstrating experimental validation of the predicted molecular
interactions, especially the precise regulating mechanisms of the KH and the RING-like domains. Further targeted research
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on the potential of modulating the activities of MEX-3 in cancer and neurological diseases should also be undertaken. These
targeted efforts will further achieve a more in-depth interpretation of the versatile roles of the MEX-3 proteins and
potentially result in new treatment modalities and enhanced outcomes in the clinic.
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