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Introduction: MicroRNAs (miRNAs) play central roles in cancer pathogenesis by modulating oncogenic and
tumor-suppressive pathways. The microRNA-29 (miR-29) family, known toinhibit matrix metalloproteinase-2
(MMP-2), represents a key regulatory axis in tumor invasion. This study analyzed miRNA pathway enrichment
derived from tumor-normal mRNA differential expression in esophageal squamous cell carcinoma (ESCC)
patients and investigated whether llomastat, a known MMP inhibitor, could plausibly bind the catalytic
site of MMP-2. Methods: Thirty-eight patients with suspected esophageal cancer were recruited from an
Academic Hospital in 2024. Twenty-nine ESCC patients were finally included. Paired tumor/adjacent-normal
tissues were collected using endoscopic biopsies. Total RNA was extracted, sequenced, and bioinformatics
conducted using the nf-core/rnaseq pipeline, with pathway enrichment analysis completed using g:Profiler2.
Additional computational docking studies were performed to assess whether llomastat tautomers could
plausibly bind the catalytic site of MMP-2. Results and Discussion: Pathway enrichment analysis identified
several miRNAs implicated in ESCC pathogenesis, including the miR-29 family. Transcriptome analysis
revealed overexpression of LINCO0392 and FABP4 (fatty acid-binding protein 4) among the differentially
expressed genes. FABP4 drives lipid metabolic reprogramming and tumor microenvironments that support
cancer cell proliferation and metastatic potential. Computational docking suggested that the neutral
tautomer of llomastat favorably occupies the catalytic site of MMP-2, providing a hypothesis-generating
structural rationale for downstream pharmacologic inhibition of MMP-2. Conclusion: This study integrates
pathway-based miRNA enrichment and computational docking to highlight the miR-29-MMP-2 axis as a
potential regulatory pathway in ESCC. Collectively, our findings provide hypothesis-generating support for
miRNA-guided MMP-2 inhibitor design that bridges transcriptomic discovery with pharmacologic modeling.
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Introduction

MicroRNAs (miRNAs) are a class of noncoding RNAs that are
18 to 22 nucleotides long. They play critical roles in numerous
aspects of cell biology, including cell proliferation, differentia-
tion, and tumorigenesis. Additionally, these miRNAs remain
extremely stable in bodily fluids and tissues and have proven
to be excellent potential cancer biomarkers [1]. For instance,
analysis of ESCC miRNA datasets by Miyoshi et al. yielded 8
candidate miRNAs, including miR-103, miR-106b, miR-151,
miR-17, miR-181a, miR-21, miR-25, and miR-93, whose serum
overexpression produced an “8-miR” liquid biopsy signature.
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This diagnostic tool surpassed the specificity of SCC-associated
antigens, providing strong evidence for multi-miRNA panel
screening approaches [2].

miRNAs were recognized as a large family of short RNAs
found in higher eukaryotes in the year 2001 [3]. Most arise
through a strict canonical pathway; however, alternative, non-
canonical biogenetic routes have also been described [4].

The dysregulation of miRNAs has been increasingly apparent
in most, if not all, malignancies. Many of these miRNAs either
promote or suppress cancer by blocking the expression of tumor
suppressors or oncogenes. Oncogenic miRNAs (oncomiRs) are
overexpressed in malignancies, whereas tumor-suppressive


https://doi.org/10.34133/csbj.0097
mailto:sikhumbuzo.mbatha@up.ac.za
mailto:Zodwa.Dlamini@up.ac.za
https://doi.org/10.34133/csbj.0097
https://doi.org/10.34133/csbj.0097
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Computational and Structural Biotechnology Journal

miRNAs are underexpressed [5]. Numerous studies have reported
that miRNAs affect cancer through various mechanisms, includ-
ing tumor angiogenesis, cell differentiation, proliferation, and
metabolism. A single miRNA can potentially target multiple
mRNAs. Additionally, because miRNAs are relatively stable in
physiological fluids, liquid biopsy approaches have emerged as
minimally invasive tools for early cancer detection and longitu-
dinal disease monitoring [6]. Moreover, a better understanding
of miRNA function in cancer biology has important implications
for the development of novel therapeutic strategies [7].

Several cellular and molecular regulators, including tran-
scription factors (TFs), signaling pathways, and miRNAs, influ-
ence the formation and progression of esophageal squamous
cell carcinoma (ESCC), resulting in significant genetic and
molecular heterogeneity in ESCC. Understanding and quantify-
ing these factors enhances the diagnostic, prognostic, and pre-
dictive precision in ESCC, facilitating the design of personalized
therapeutic approaches [8]. Interestingly, studies have shown
that, besides the miRNA effect, the prognosis and progression
of esophageal cancer can be strongly influenced by various other
factors that affect the tumor microenvironment, including the
types of cells surrounding the tumor cells, mitochondrial energy
metabolism (MEM), and the microbiological organisms preva-
lent in tumor tissues [9,10]. For example, Fusobacterium nuclea-
tum plays an important role in ESCC progression and prognosis.
Itis closely related to the pathologic and clinical stages of ESCC
and is found more commonly in metastatic ESCC than in non-
metastatic ESCC. Patients with F. nucleatum-positive ESCC had
shorter cancer-specific survival and higher cancer-specific mor-
tality. Furthermore, a number of studies have convincingly
proven that ESCC tissue exhibits radically distinct microbiome
than surrounding normal tissues [9].

Given their regulatory versatility, miRNAs play a central role
in ESCC pathogenesis, functioning as either tumor suppressors
or oncogenes, depending on the cellular context. For instance,
MiR-125b functions as a tumor suppressor in many solid
tumors (such as prostate cancer), but functions as an oncomiR
in most hematological malignancies. It was discovered that
miR-125b is overexpressed in prostate cancer samples and pro-
motes androgen-independent growth of prostate cancer cells.
In breast cancer, miR-125b suppresses the oncoproteins Mucin
1 (MUCL1), Erb-B2 Receptor Tyrosine Kinase 2 (ERBB2), and
ERBB3, which hinders the growth of breast cancer cells and
increases their susceptibility to genotoxic anticancer drugs [11].
Additionally, it was shown in an in vivo mouse model of acute
myocardial infarction that intravenous administration of miR-
125b mimic conferred cardio-protection during ischemia and
significantly decreased myocardial infarct size, by targeting and
down-regulating the mRNA expression of Ccna2 and Eef2k
[12]. In esophageal cancer, it exhibits tumor-suppressive prop-
erties [13]. Additional research has shown that certain malig-
nancies, such as gastric cancer, are characterized by ethnic and
geographic variables that shape both transcriptional and post-
transcriptional miRNA expression patterns [14].

ESCC is one the most fatal malignancies globally and is char-
acterized by delayed presentation with advanced disease due to
lack of distinct early symptoms [15]. Metastasis is the hallmark
of cancer responsible for the majority of cancer-related fatalities
[16]. Various compounds have been linked to cancer progression
including zinc-containing endopeptidases known as matrix
metalloproteinases (MMPs), which are primarily made up of
MMP-2 and MMP-9. They are involved in several biological
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processes, including cell proliferation, migration, differentiation,
apoptosis, and angiogenesis. They also significantly contribute
to the breakdown of extracellular matrix (ECM) components.
Additionally, MMP-2 has been shown to be overexpressed in a
number of solid tumors, including ESCC, where it is associated
with metastases and the advancement of the malignancy [17].

Current treatment modalities for ESCC include a combina-
tion of radiotherapy, chemotherapy, and surgery [18,19]. More
recently, immune checkpoint inhibitors and targeted therapies
are increasingly playing a significant role as therapeutic agents
demonstrating improved overall and disease-free survival rates
in advanced or residual disease following tri-modality treat-
ment [20]. Advanced and metastatic disease is a major factor
influencing treatment outcomes. MMP-2 overexpression in
ESCC has been associated with cell migration and metastases
[21], and MMP-2 inhibition may offer therapeutic potential for
ESCC as it has been shown to attenuate the cell migration,
invasion, and metastatic potential in oral squamous cell carci-
noma cell lines [22].

Kim et al. examined the highly metastatic human fibrosar-
coma cell line HT1080 to determine whether miR-29s could
control cancer cell invasion by blocking MMP-2. They showed
that the 3’-untranslated region of MMP-2 was specifically tar-
geted by miR-29s, and that the expression of miR29s caused
MMP-2 to be down-regulated and its activity to decrease in
cancer cells [23]. Using both in vitro and in vivo techniques,
Fang et al. [24] showed that miR-29b directly targets MMP-2
in hepatocellular carcinoma cell lines and that by inhibiting
MMP-2, miR-29b suppresses angiogenesis, invasion, and metas-
tasis. MMP-2 suppression with Ilomastat has also been dem-
onstrated to provide considerable cardiocytoprotection in rats.
Ilomastat, whether delivered before ischemia or before reperfu-
sion, was able to considerably reduce infarct size [25].

Collectively, these insights underscore the pivotal role of miR-
NAs in ESCC biology and highlight their potential as diagnostic
biomarkers and therapeutic targets for precision oncology. This
study aimed to characterize miRNA pathway enrichment inferred
from mRNA-level differential expression in South African ESCC
tissues and to investigate whether Ilomastat, a known MMP
inhibitor, could plausibly bind the catalytic site of MMP-2,
thereby providing a hypothesis-generating rationale for down-
stream pharmacologic targeting of MMP-2 within the miR-29/
MMP-2 axis.

Methods and Materials

Study setting, sample collection, and

sample processing

This observational study was conducted from February to
December 2024. Thirty-eight patients (n = 38) with a clinical pre-
sentation of esophageal cancer were seen at the Department of
Surgery, Steve Biko Academic Hospital, a level 4 referral center
affiliated with the University of Pretoria, Pretoria, South Africa.
All patients were interviewed and provided written informed con-
sent prior to their inclusion in the study. Each participant under-
went upper endoscopy with paired tumor and adjacent normal
tissue biopsy and human immunodeficiency virus (HIV) testing
(or verification of existing antiretroviral therapy status). Ethical
approval was obtained from the University of Pretoria Research
Ethics Committee (Ethics Reference No. 296/2021) and the
Gauteng Health Department (NHRD Ref. No. GP_202107_062).
The inclusion criteria for the study were confirmed ESCC and a
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known verifiable HIV status. Only 29 patients met the inclusion
criteria. Tumor differentiation status was abstracted from the diag-
nostic pathology reports and categorized as well-, moderately, or
poorly differentiated squamous cell carcinoma, with a small subset
reported only as “invasive carcinoma” without formal grading.

Tissue collection

Fresh tissue-paired tumor and adjacent normal biopsies were
obtained via endoscopy. Normal adjacent tissues were collected
more than 2 cm from the gross margin of the tumor. These fresh
tissues were placed in microcentrifuge tubes containing RNAprotect
reagent (Qiagen), snap-frozen in liquid nitrogen within 1 h of col-
lection and stored at —80°C until RNA extraction. Further samples
were sent for histological confirmation of ESCC and subsequently
for human papillomavirus (HPV) genotyping.

RNA sequencing

RNA was extracted from fresh tissue samples using the Quick-
RNA Miniprep Plus Kit according to the manufacturer’s instruc-
tions (Zymo Research, Irvine, CA, USA). RNA concentration and
integrity were verified using a Qubit 4 Fluorometer and an RNA
IQ Assay Kit (Table S1) (Thermo Fisher Scientific, Waltham, MA,
USA). cDNA synthesis was performed using the NEBNext Single
Cell/Low Input cDNA Synthesis Module (NEB #E6421) (New
England Biolabs, USA), and double-stranded DNA (dsDNA)
quality was confirmed with a high-sensitivity Qubit fluorometer
(Invitrogen, Carlsbad, CA, USA) using dsDNA assay (Invitrogen,
Carlsbad, CA, USA, cat: Q32854).

Sequencing libraries were constructed using the Illumina
DNA Prep Kit (Illumina, San Diego, USA, Cat. no. 20060059)
and evaluated for quality and fragment distribution using the
Agilent TapeStation System (Agilent Technologies, Santa Clara,
USA). Libraries were sequenced in paired-end mode (2 X 150 bp)
on the Element AVITI platform according to the manufac-
turer’s specifications (Element Biosciences, San Diego, USA).

Bioinformatics analysis

Differential abundance analysis comparing tumor and matched
normal tissues was performed using the publicly available

infer

nf-core/rnaseq pipeline (https://github.com/nf-core/rnaseq), a
standardized workflow for RNA sequencing (RNA-seq) quality
control, alignment, and quantification. The pipeline accepts
FASTQ files and metadata sheets, performs quality assessment
and alignment, and generates an annotated gene expression
matrix.

Data were processed using nf-core/rnaseqv3.18.0 (doi:10.5281/
2en0do.1400710) of the nf-core workflow collection [26] within
reproducible Bioconda [27] and Biocontainers [28] environments.
The analysis workflow is illustrated in Fig. 1.

The pipeline was executed using Nextflow v24.10.3 [29] with
the following command:

nextflow run nf-core/differentialabundance -profile rnaseq,
apptainer --input samplesheet.csv --contrasts contrasts.bak.tsy
--matrix rsem.merged.gene_counts.tsv --gtf Homo_sapiens.
GRCh38.113.gtf.gz --outdir DE_MBATHASY -c nextflow.config
--gsea_run true --gene_sets_files c2.all.v2024.1.Hs.symbols.gmt
--gprofiler2_run true --gprofiler2_organism hsapiens --deseq2_
alpha 0.05

Differential analysis

Differential gene expression between tumor and adjacent normal

tissues was analyzed using the DESeq2 R package. P values were

adjusted for multiple testing using the Benjamini-Hochberg false

discovery rate (FDR) method to minimize false positives.
Genes were considered differentially expressed if they met

both criteria.

o The adjusted P value was equal to or lower than 0.05
o Absolute log-fold change (|log,FC|) > 1.0.

The input was a matrix of 78,932 genes for 58 samples, which
was reduced to 49,606 genes after filtering for low abundance.

In exploratory analyses, an extended DESeq2 design, includ-
ing clinical covariates (HIV status, age, sex, smoking, alcohol
use, and tumor location), was also evaluated. This covariate-
adjusted model yielded a more permissive DEG set with an
increased number of significant genes relative to the simpler
design, likely reflecting the limited cohort size and the potential
for overfitting. To retain a conservative, stringent framework
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Fig. 1. Overview of the nf-core/rnaseq pipeline used for RNA-seq data processing (adapted from https://github.com/nf-core/rnaseq).
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for downstream enrichment analyses, the primary results pre-
sented here are based on a simpler tumor-versus-normal
model, with covariate effects examined at the level of principal
components.

Although more advanced approaches for modeling hidden
or complex covariate structures in RNA-seq data, such as sur-
rogate variable analysis and pseudo-variable augmentation, are
available, the present study relied on a standard DESeq2 design
with covariate-expanded exploratory models and PCA-based
inspection of covariate effects, which we judged appropriate
given the modest cohort size and hypothesis-generating scope
of the analysis.

g:Profiler for pathway enrichment analysis

The differentially expressed genes (DEGs) were subsequently
analyzed for pathway enrichment using g:Profiler2 (http://biit.
cs.ut.ee/gprofiler/gost) within the R environment, with param-
eters set as depicted in (Table 1) [30]. Pathway enrichment
significance was defined at an adjusted P value < 0.05, using
the gSCS (Gene Set Compression Scheme) multiple-testing
correction method. The differential fraction for each pathway
was computed as the ratio of significant genes to the total anno-
tated genes. The differential fraction is the number of differen-
tial genes in a pathway divided by the size of that pathway, that
is, the number of genes annotated for the pathway.

Pathway enrichment analysis (PEA) is a computational
approach that identifies biological processes that are dispro-
portionately represented in a given gene list [31]. The g:Profiler2
suite integrates Gene Ontology (GO), Kyoto Encyclopedia of
Genes and Genomes (KEGG), Reactome, and miRNA pathway
databases to determine the enriched biological functions and
molecular networks associated with DEGs in ESCC [32].

Computational docking analysis

Computational docking analysis was performed to evaluate
whether Ilomastat could functionally mimic miR-29-mediated
repression of MMP-2. The human MMP-2 catalytic domain
(Protein Data Bank [PDB] ID: 1CK7) was prepared using
the Schrodinger Protein Preparation Wizard, maintaining

Table 1. Parameters of the g:Profiler pathway analysis

Parameters used for g:Profiler2

Parameter Value
Run TRUE
Organism hsapiens
Significant TRUE
measure_underrepresentation FALSE
correction_method gSCS
Evcodes FALSE
max_qval 0.05
background_file auto
domain_scope annotated
min_diff 1
palette_name Blues

Mbatha et al. 2026 | https://doi.org/10.34133/csbj.0097

the tetrahedral coordination of Zn>" by His403, His407, His413,
and Glu404. LigPrep generated 2 protonation states of Ilomastat
(neutral and anionic), which were docked using Glide SP, fol-
lowed by XP refinement.

Hydroxamate-based MMP inhibitors typically have pK, values
in the ~8.5 to 9.5 range, indicating that the neutral (protonated)
form remains substantially populated at physiological pH and is
even more favored in a mildly acidic tumor microenvironment.
Therefore, both neutral and anionic Ilomastat tautomers were
docked. The stronger binding observed for the neutral form in our
results reflects not the assumed dominance of this tautomer but
its intrinsically more favorable Zn** coordination geometry.

A receptor grid was centered on the zinc-binding region
with dimensions sufficient to encompass the catalytic cleft while
restricting sampling to the active-site pocket. Docking was
performed using a rigid receptor and full-ligand conforma-
tional sampling. The top-ranked poses were subsequently
rescored using the MM-GBSA (VSGB 2.1) model, permitting
the local relaxation of residues within 5 A of the ligand.

Protein preparation

The human MMP-2 catalytic domain (PDB ID: 1CK7) was
imported into Schrédinger Maestro (version 2025-3) and pre-
pared using the Protein Preparation Wizard.

All water molecules beyond 5 A from the cocrystallized
inhibitor were deleted. Missing side chains were added and
optimized under the OPLS4 force field, maintaining the tetra-
hedral geometry of the catalytic zinc center coordinated to His
403, His 407, His 413, and Glu 404.

Ligand preparation

The structure of ilomastat (CID 132519) was obtained from
PubChem and processed using LigPrep to generate 2 proton-
ation states.

o Ilomastat-1 (neutral)-hydroxamic group is protonated.
o Ilomastat-2 (anionic)-deprotonated hydroxamate oxygen.

The ligands were geometrically optimized using OPLS4 with
default convergence.

Grid generation and docking

The receptor grid was centered on the zinc-binding motif (His
403-His 407-His 413-Glu 404), extending 20 A”. Docking was
performed using Glide SP, followed by Glide XP refinement,
and all rotatable bonds were sampled. The top-ranked poses
were further rescored using Prime MM-GBSA (VSGB 2.1 sol-
vent model), with residues within 5 A of the ligand permitted
to relax.

Visualization and interaction mapping

Docking poses were analyzed in the Maestro Workspace and
visualized as ball-and-stick models with ribbon secondary
structures. Electrostatic potential surfaces (-0.3 — 0.0 e/A?%)
were generated, and 2D interaction diagrams were rendered
with a ligand interaction diagram.

Results

Demographic data
The overall characteristics of the 29 patients included in this
analysis are summarized in Table 2, stratified by HIV status.
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Table 2. Fisher's exact test analysis of demographic and clinical factors by HIV status (n = 29)

Characteristic HIV-negative (n = 14) HIV-positive (n = 15) Total (n = 29) P value

Gender 0.26
Male 4(29.0%) 8 (53.0%) 12 (41.0%)
Female 10 (71.0%) 7 (47.0%) 17 (59.0%)

Age category 0.22
<50 0(0.0%) 3(20.0%) 3(10.3%)
>50 14 (100.0%) 12 (80.0%) 26 (89.7%)

HPV status 0.68
Negative 3(21.4%) 5(33.3%) 8 (27.6%)
Positive 11 (78.6%) 10 (66.7%) 21 (72.4%)

HPV16 0.078
HPV16 negative 0(0.0%) 4(26.7%) 4 (13.8%)
HPV16 positive 11(78.6%) 6 (40.0%) 17 (58.6%)
HPV not detected 3(21.4%) 5(33.3%) 8 (27.6%)

HPV18 0.013
HPV18 negative 10 (71.4%) 3(20.0%) 13 (44.8%)
HPV18 positive 1(7.1%) 7 (46.7%) 8 (27.6%)
HPV not detected 3(21.4%) 5(33.3%) 8 (27.6%)

Comorbidity 0.021
No 6 (42.9%) 13 (86.7%) 19 (65.5%)
Yes 8 (57.1%) 2 (13.3%) 10 (34.5%)

Family history of cancer 1.00
No 13 (92.9%) 13 (86.7%) 26 (89.7%)
Yes 1(7.1%) 2 (13.3%) 3(10.3%)

Alcohol use 0.024
No 11 (84.6%) 6 (40.0%) 17 (60.7%)
Yes 2 (15.4%) 9 (60.0%) 11(39.3%)

Smoking 0.038
No 12 (92.3%) 8(53.3%) 20 (71.4%)
Yes 1(7.7%) 7 (46.7%) 8 (28.6%)

Alcohol and smoking 0.043
No 11 (91.7%) 8 (53.3%) 19 (70.4%)
Yes 1(8.3%) 7 (46.7%) 8(29.6%)

Both HPV16 and HPV18 positive 0.31
No 10 (90.9%) 7 (70.0%) 17 (81.0%)
Yes 1(9.1%) 3(30.0%) 4 (19.0%)

The cohort was predominantly female (58.6%) and of African
descent. Most patients were older than 50 years (89.7%). HIV
infection was present in 51.7% of the patients. HPV was
detected in 72.4% of patients, with HPV16 being the most fre-
quently detected type (58.6%) and HPV18 being observed in
27.6% of patients. Comorbidities were reported in 34.5% of
patients, and a family history of cancer was rare (10.3%).
Alcohol use and smoking were reported by 39.3% and 28.6%
of patients, respectively, with 29.6% of patients reporting both
alcohol use and smoking. However, overall, there was a statisti-
cally significant association between HIV and ESCC.
Histopathology showed that most tumors were moderately
differentiated ESCC, with smaller subsets of well-differentiated,
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poorly differentiated, and ungraded “invasive carcinoma” cases.
In exploratory checks, the sample clustering and principal com-
ponent structure were not obviously driven by differentiation
status; therefore, all 29 graded and ungraded tumors were
retained in the primary tumor versus normal analyses.

Gene differential expression

The nf-core/differential abundance pipeline was used to assess
the differential gene expression between the overall tumor sam-
ples and the corresponding adjacent normal tissues. An input
matrix of 78,932 genes from 58 samples was used. After filtering
low-abundance genes, 49,606 genes remained for further analy-
sis. Variance-based gene filtering was performed, and the top
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Sample clustering dendrogram, 500 most variable genes
(ward.D2 clustering, Spearman correlation)
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Fig. 2. Sample hierarchical clustering dendrogram: It shows 2 distinct major groupings of the main branches, with the group on the right dominated by tumor (orange) and the
left dominated by normal samples (gray), underscoring a robust biological clustering and differentiation between tumor and normal tissues. Despite a few intermixed samples
on either side, the emerging picture suggests a substantial divergence of the global transcriptional profiles of tumor tissues from those of normal mucosal tissues. The short
first-level substructure heights in normal samples demonstrate limited variability, whereas the larger first-level substructure of the tumor highlights tumor heterogeneity. This
robust clustering based on the tissue type (tumor vs. normal) supports the notion of limited batch effect in our analysis

500 most variable genes across all samples were selected for the
unsupervised clustering. Hierarchical clustering of genes was
performed. Distances between genes were estimated based on
Spearman correlation, which were then used to produce a clus-
tering via the ward.D2 method with hclust() in R. Figure 2
depicts the sample dendrogram.

Principal component analysis

Principal component analysis (PCA) was conducted based on
the 500 most variable genes. Each component was annotated with
its percent contribution to the variance, as depicted in Fig. 3. For
the variance-stabilized matrix, an analysis of variance test was
used to determine the associations between continuous principal
components and categorical covariates (including the variable of
interest).

The PCA demonstrated a clear differentiation between nor-
mal and tumor tissues, with most of the separation evident at
PC1, which is the premier axis differentiation. Most tumor
samples were distributed on the left, and normal samples clus-
tered mostly to the right of PC1. This clear distinction displays
a clear biological signal with a consistent molecular signature
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distinguishing tumors from normal tissues. Tumor samples
showed a wide distribution across PC2, indicative of tumor
heterogeneity, while normal samples were mostly clustered
together, in keeping with high tissue consistency and minimal
biological variance. The robust distinction between tumor and
normal tissue samples suggests a tumor-specific expression
profile. The other variables showed lower percentage associa-
tions; for instance, the variable “age” showed an association
with PC6 (2.4%) (P = 0.01). The variable “gender” was associ-
ated with PC6 (2.4%) (P = 0.01). The variable “smoking” was
associated with PC3 (4.1%) (P = 0.07). The variable “alcohol”
was associated with PC3 (4.1%) (P = 0.04). The variable “HIV”
was associated with PC3 (4.1%) (P = 0.04).

A volcano plot illustrating the DEGs is presented in Fig. 4.
Among the DEGs, FABP4 and LINC000392 appeared as marked
outliers, showing strong overexpression in tumor tissues (Fig. 4).
Elevated FABP4 expression has been associated with lipid-
metabolic reprogramming and tumor-microenvironment remod-
eling, which is consistent with the extreme fold change observed
in this dataset. The DEGs were subsequently subjected to pathway
and miRNA enrichment analyses (Fig. 5)
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Fig. 3. (A) Plots depicting principal component analysis: variance stabilized for condition (tumor vs. normal). (B) P values of PCA: The variable “condition” showed an association
with PC1 (32.9%) (P = 0.00). (C) When other covariates were included in the model, most differentially expressed genes were still influenced predominantly by tumor versus

normal conditions, with other factors showing some effect but to a much lesser extent.

MiRNA PEA

The DEGs identified through differential abundance assessment
were subjected to PEA using the g:Profiler software (http://biit.
cs.ut.ee/gprofiler/gost). Working with ranked or sorted lists
of genes is a key aspect of g:Profiler [32]. Several enriched
pathways were identified, including enriched micro-RNAs (Fig. 5),
CORUM pathways, KEGG pathways, GO: BP/GO:CC/GO:ME,
HPA Pathway, REAC, and WP pathways. Table 3 shows the
enriched miRNAs and their adjusted P values.

Computational docking analysis of the
miR-29-MMP-2 axis using llomastat

as a putative MMP-2 inhibitor

Docking and MM-GBSA rescoring revealed a clear distinc-
tion in the binding affinity between the 2 Ilomastat proton-
ation states. The neutral tautomer (Ilomastat-1) exhibited the
most favorable energetics, with Glide SP = —4.244 kcal-mol ',
Glide XP = -4.237 kcal-mol ', and AG,,, 4 = -30.02 kcal-mol ™"
(Table 4). In contrast, the anionic tautomer (Ilomastat-2)
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demonstrated weaker binding (XP = -2.804 kcal-mol™;
AG,, 4 = -19.85 kcal-mol ™).

These values indicate that the protonation state markedly
influences the stability of the inhibitor within the catalytic pocket.
The stronger binding of Ilomastat-1 is consistent with the optimal
positioning of its hydroxamate moiety and enhanced stabilization
through surrounding polar and hydrophobic interactions.

Binding mode of neutral llomastat (llomastat-1)

The top-ranked pose of Ilomastat-1 positioned the hydroxamate
group deep within the catalytic cleft, orienting its oxygen atoms
toward the zinc-coordinated region of the enzyme. This binding
mode was associated with a stabilizing polar interaction network
within the active site, together with hydrophobic contacts involv-
ing Leu411, Met421, and Leu444 (Fig. 6A). Electrostatic surface
mapping further revealed strong complementarity between the
negatively polarized hydroxamate region of Ilomastat and the
positively charged environment surrounding Zn** (Fig. 6B),
consistent with the favorable MM-GBSA energy observed.
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Fig. 5. Enriched miRNA pathways identified by pathway analysis of differentially expressed genes. The bar plot displays the fraction of pathway genes found among the
differentially expressed features for each enriched miRNA pathway, with the denominator indicating the total pathway size. Pathways were ordered by enrichment, and the bar
color reflects statistical significance (adjusted P value, P, ). The miRNA root indicated that the miRNA pathway was significantly affected and enriched in this sample collection.
The miR-29 family members (hsa-miR-29b-3p, hsa-miR-29¢-3p, and hsa-miR-29a-3p) are prominently enriched, alongside hsa-miR-335-5p, hsa-miR-8485, hsa-miR-122-5p,
hsa-miR-26b-5p, and hsa-miR-124-3p. Although hsa-miR-4750-5p revealed a highly enriched fraction (0.625), the pathway was miniscule, hence lower significance. This analysis
highlights the key miRNA regulatory networks implicated in ESCC, with enrichment fractions indicating the proportional representation of differentially expressed targets within
each pathway. Several other pathways with lowly enriched fractions or large background sizes were observed but contributed minimally to the overall biological interpretation.
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Table 3. Enriched microRNAs and related pathways with their adjusted P values derived using GP profiler-2

Pathway name Pathway code DE genes Pathway size Fraction DE P
MIRNA root MIRNA:000000 1,248 14,546 0.0858 0
hsa-miR-335-5p MIRNA:hsa-miR-335-5p 300 2,466 0.1217 0
hsa-miR-29b-3p MIRNA:hsa-miR-29b-3p 44 259 0.1699 0
hsa-miR-8485 MIRNA:hsa-miR-8485 96 861 0.1115 le-04
hsa-miR-26b-5p MIRNA:hsa-miR-26b-5p 172 1,813 0.0949 le-04
hsa-miR-29¢c-3p MIRNA:hsa-miR-29¢-3p 36 252 0.1429 0.0045
hsa-miR-29a-3p MIRNA:hsa-miR-29a-3p 35 260 0.1346 0.0222
hsa-miR-124-3p MIRNA:hsa-miR-124-3p 132 1,450 0.091 0.0223
hsa-miR-122-5p MIRNA:hsa-miR-122-5p 65 612 0.1062 0.0378
hsa-miR-4750-5p MIRNA:hsa-miR-4750-5p 5 8 0.625 0.0446

Table 4. Docking energetics: The neutral llomastat tautomer (llomastat-1) exhibited the most favorable docking and binding energies,

consistent across the SP, XP, and MM-GBSA scoring functions

Ligand Glide SP (kcal-mol™")  Glide XP (kcal-mol™") ~ Emodel  AG,;,q (MM-GBSA, kcal-mol™")  Prime energy
llomastat-1 (neutral) -4.244 -4.237 -48.629 -30.02 -24,279.55
llomastat-2 (anionic) -0.455 -2.804 -28.751 -19.85 -24,286.95

The revised 2D interaction map (Fig. 7) further clarifies the
local contact pattern supporting this pose. In this representa-
tion, the clearest direct hydrogen-bond interactions are observed
with Ala108, Glu412, His413, and GIn415, while nearby residues
including Ser414, Asp416, Met421, Ala422, Pro423, Leu411, and
Leu444 define the surrounding catalytic-pocket environment.
Purple arrows in the figure denote hydrogen bonds. Together,
these interactions support stable accommodation of the neutral
Ilomastat tautomer within the catalytic region of MMP-2 and
are consistent with its more favorable predicted binding relative
to the anionic tautomer.

The binding pose of neutral Ilomastat also aligns with key
features reported for classical hydroxamate-based MMP-2
inhibitors. In inhibitor-bound MMP-2 complexes, effective
ligands typically coordinate the catalytic Zn** ion through the
hydroxamate group while extending into the hydrophobic S1’
pocket. In our docking model, Ilomastat-1 reproduced these
general binding characteristics, with the hydroxamate moiety
oriented toward the zinc-binding region and the P1’ side chain
projecting toward the Leu411/Met421/Leu444 pocket. These
observations indicate that Ilomastat-1 engages MMP-2 through
a binding mode consistent with established hydroxamate-based
inhibitor architecture, supporting the plausibility of the pre-
dicted pose while remaining hypothesis-generating.

Binding mode of anionic llomastat (llomastat-2)

Although Ilomastat-2 bound within the same catalytic region,
its deprotonated hydroxamate group adopted a rotated orienta-
tion that reduced complementarity with zinc-associated residues
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(Fig. 8A). The dominant interactions shifted toward Lys470
and Glu467, supported by weaker contacts with Asp416,
Ser414, and GIn415.

Electrostatic mapping revealed partial charge repulsion
between Ilomastat-2 and nearby acidic residues (Fig. 8B), con-
tributing to its reduced docking scores and decreased predicted
stability. The interaction map (Fig. 9) indicates fewer stabilizing
contacts overall, consistent with the less favorable AG,; 4 value.

Together, these findings demonstrate that neutral Ilomastat
binds more deeply, forms more extensive stabilizing interac-
tions, and achieves superior energetic stability, supporting its
consideration as a more energetically favorable candidate for
MMP-2 inhibition within the proposed miR-29/MMP-2 axis
(Fig. 10).

Discussion

In this study, we comprehensively analyzed 29 paired South
African ESCC samples, which enabled pathway-level miRNA
enrichment analysis of the DEGs. This approach identified 9
candidate miRNAs, with the miR-29 family (including a/b/c-
3p) emerging as the most significant (g:Profiler gSCS, P value
< 0.05). Across these samples, the up-regulation of MMP-2
(log>FC = +1.42, P value = 0.037) was notably consistent with
the loss of miR-29 repression, substantiating the previously
hypothesized links between miRNA regulatory changes and down-
stream protease activity. In silico molecular docking of Ilomastat
(GM6001) into the human MMP-2 catalytic pocket revealed
pronounced binding preferences based on tautomeric state-neutral
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Fig. 6. llomastat-1: Three-dimensional binding interactions and electrostatic surface analysis of llomastat-1in the MMP-2 active site. (A) Binding pose of llomastat-lillustrating
key polar interactions with His413, Ser414, GIn415, Asp416, Asp436, and Lys439, together with hydrophobic contacts involving Leu411 and Leu444. (B) Electrostatic potential

surface of llomastat-1 within the catalytic pocket of MMP-2 (-0.3 to 0 e/A2), highlighting

AG,;,4 = —30.0 kcal-mol ™" versus anionic ~19.9 kcal-mol " under-
scored by canonical zinc chelation and extensive multiresidue
hydrogen bonding within the active site. Taken together, these
findings provide integrative, hypothesis-generating evidence
spanning transcriptomic miRNA enrichment and atomic-level
effector inhibition, connecting miR-29 pathway disturbances
to MMP-2 activity in ESCC. Notably, the transcriptome-to-
structure methodology outlined here represents one of the first
ESCC studies in an African cohort that suggests the relevance
of miRNA-guided MMP-2 inhibition.

Our study advances a novel integrative perspective by
explicitly bridging miRNA alterations with the structural inhi-
bition of its protein effector target. The functional coupling
between miR-29 down-regulation and enhanced MMP-2 activ-
ity is central to the pathobiology of ESCC, particularly because
MMP-2 has a well-described role as a facilitator of tumor inva-
sion and early metastatic dissemination. Through computa-
tional docking, we observed that Ilomastat can adopt a favorable
pose within the catalytic pocket of MMP-2, including the zinc-
binding region. These findings do not demonstrate direct mim-
icry or functional equivalence to miR-29, but they do provide
a hypothesis-generating structural rationale for considering
pharmacologic MMP-2 inhibition in the context of reduced
miR-29-associated repression. Our data therefore extend the
literature by providing indirect, integrative support derived
from mRNA-level enrichment and computational docking for
further investigation of this regulatory axis.

The integration of in silico docking with transcriptome-derived
miRNA enrichment provides a structural framework for inter-
preting the potential relevance of the miR-29/MMP-2 axis in
ESCC. Under physiological conditions, the miR-29 family is
expected to attenuate MMP-2 expression via posttranscriptional
regulation. In our study, docking suggested that Ilomastat may
bind favorably within the MMP-2 catalytic site through zinc coor-
dination and a stabilizing interaction network. However, these
observations remain hypothesis-generating and do not by them-
selves establish biological activity, enzymatic inhibition, or func-
tional compensation. The key findings of this study are as follows:
first, the combination of transcriptomic enrichment and docking
supports a plausible link between reduced miR-29-associated
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the distribution of charge and inhibitor positioning that supports optimal binding affinity.

repression and MMP-2 overactivity; second, tautomer-specific
docking effects indicate that protonation state may influence pre-
dicted inhibitor stability and binding energy; and third, these
findings provide a rationale for future validation studies, includ-
ing molecular dynamics simulations and direct enzymatic or
cell-based assays, to evaluate MMP-2 inhibition in ESCC-relevant
systems.

By combining transcriptomic enrichment and atomic-level
structural modeling, our study revealed how miRNA malfunc-
tion, often a challenge for direct restoration in patients, may be
complemented by rational small-molecule intervention targeting
the same effector enzyme. Thus, the integration demonstrated in
this study bridges the gap between genomic deregulation and
targeted drug-level inhibition. These data do not demonstrate that
Ilomastat phenocopies the miRNA-based inhibitory mechanism,
but they do support its consideration as a structural lead for future
studies of MMP-2-directed therapeutic design in ESCC.

Enriched miRNAs

Bioinformatic analysis of 58 samples of paired tumor and
matched adjacent normal tissues substantiated the relevance of
several pathways, including miRNAs, KEGG signals, CORUM
complexes, and GO:CC/MF/BP categories, in the regulation of
ESCC-related DEGs. This analysis highlighted multiple miRNAs
previously implicated in the molecular characteristics and clinical
outcomes of ESCC. Dysregulation of these miRNAs is well-
established to be associated with cancer development and pro-
gression, acting as either tumor suppressors or oncoMIRs in a
context-dependent manner.

Several miRNAs were identified in this cohort through miRNA
enrichment from mRNA-level differential expression using path-
way analysis tools. These miRNAs have been implicated in ESCC
and other malignancies. For instance, miR-335-5p displays vari-
able expression in ESCC, gastric cancer (GC), hepatocellular
carcinoma (HCC), colorectal cancer (CRC), and pancreatic car-
cinoma, and regulates invasion, migration, apoptosis, and prolif-
eration, as well as modifies tumor cell radio- and chemosensitivity.
In patients with GC, plasma hsa-miR-335-5p serves as a prog-
nostic biomarker, with low levels correlating with poor outcomes
[33]. In ESCC, miR-335 expression was significantly lower in
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Fig. 7. Two-dimensional ligand interaction diagram of the top-ranked neutral llomastat (llomastat-1) pose within the MMP-2 catalytic pocket. Purple arrows indicate hydrogen
bonds. In this representation, the clearest direct hydrogen-bond contacts are observed with Alal08, Glu412, His413, and GIn415, while nearby residues including Ser414, Asp416,
Met421, Alad22, Pro423, Leu4l1l, and Leu444 define the surrounding pocket environment. The figure illustrates the local interaction network supporting stable accommodation

of the neutral llomastat tautomer within the catalytic region of MMP-2.

malignant tissues (P value < 0.05) and inversely correlated with
grade, lymph node status, and clinical stage. Multivariate models
have identified miR-335 as a predictor of overall survival in ESCC
patients [34]. In our local cohort, miR-335-5p was among the
most enriched miRNAs (P value = 0.0), confirming its involve-
ment in ESCC progression.

Our data identified miR-29 family members as top regulators
of up-regulated DEGs [8]. The diagnostic and therapeutic tar-
geting of these miRNAs could prove to be highly effective for
ESCC management [35] in cancer therapy Previous studies have
highlighted the critical nature of the reduced expression of miR-
29b in ESCC. For example, miR-29b-3p was markedly lower in
ESCC tissues than in adjacent normal tissues (P value < 0.05),
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and its overexpression suppressed MMP-2 protein levels and
tumor growth in experimental settings [36]. Consistent with
these reports, our pathway enrichment highlighted miR-29a/
b/c-3p as very significant miRNAs (P value < 0.05) in ESCC,
with computational docking directly connecting this family to
MMP-2, a validated target and effector in ESCC pathogenesis.
Previous in silico prediction using miRTarBase also flagged
miR-29a/b/c-3p and miR-26b-5p to be among the top regula-
tors of up-regulated DEGs in esophageal cancer, reinforcing
their biological relevance [8]. The miR-26 family directly influ-
ences the oncogenic MYC pathway directly targeting c-MYC
and MYC-binding proteins (MYCBP), with miR-26a/b down-
regulation shown to activate cell proliferation in ESCC tissues

1
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Fig. 8. llomastat-2: Structural and electrostatic analysis of llomastat-2 interactions with MMP-2. (A) Three-dimensional binding pose of llomastat-2 within the MMP-2 active
site, showing hydrogen bonds with Asp416, Ser414, GIn415, Lys470, and Glu467. (B) Electrostatic potential surface representation of llomastat-2 in the catalytic pocket,
demonstrating areas of partial charge repulsion near Glu467, which may influence inhibitor binding affinity and orientation.
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Fig. 9. Two-dimensional interaction map of llomastat-2 binding to the MMP-2 active site.
The mapillustrates hydrogen bonding interactions with Asp416, Ser414, GIn415, Lys470,
and Glu467, as well as hydrophobic contacts with Pro417 and Pro506, highlighting
the key molecular interactions that contribute to llomastat-2’s stabilization and
orientation within the catalytic pocket.

[35]. Restoration of their expression inhibits cancer growth,
suggesting their clinical utility as tumor suppressors. These
trends were confirmed in our dataset (miR-26b-5p enrichment,
Pvalue = 1e—04), highlighting the tumor-suppressive functions
of this family.
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Fig.10. Schematic representation of the proposed miR-29/MMP-2/llomastat regulatory
axis. Loss of miR-29 reduces the posttranscriptional repression of MMP-2, resulting
in increased MMP-2 activity and enhanced ECM degradation. llomastat, particularly
in its neutral tautomeric form, is predicted to bind within the catalytic Zn-containing
site of MMP-2 and thereby provides a hypothesis-generating pharmacologic strategy
for attenuating MMP-2 activity downstream of reduced miR-29-mediated repression,
without implying structural or functional mimicry of miR-29 itself.

miR-124-3p, another tumor suppressor, exerts regulatory
activity across multiple cancers [37], whereas miR-122-5p acts
as a context-dependent tumor suppressor [38-40]. In ESCC,
promoter hypermethylation and down-regulation of MIR124-1
and MIR124-3 predicted a poor prognosis [41], while miR-
122-5p specifically modulates ESCC cell proliferation and inva-
sion via the miR-122/KIF22 axis [39]. In our enrichment data,
the observed enrichment of both miR-124-3p (P value =
0.0223) and hsa-miR-122-5p (P value = 0.0378) was consistent
with those of previous functional analyses.

Collectively, these findings reaffirm the contribution of
tumor-suppressive miRNAs to the biology of ESCC. Early detec-
tion and combination of miRNA biomarker panels, including

12


https://doi.org/10.34133/csbj.0097

Computational and Structural Biotechnology Journal

miR-29, miR-335, miR-26, miR-124, and miR-122, may improve
diagnostic sensitivity [7]. Restoration of down-regulated miR-
NAs is a promising therapeutic avenue, with clinical studies
demonstrating that elevating these repressed miRNAs reduces
tumor progression and metastatic spread and improves ESCC
prognosis [42].

Computational docking and interpretation of
binding plausibility

Computational docking of Ilomastat (GM6001), a broad-spec-
trum inhibitor of MMPs, provided structural insights into its
predicted interactions with MMP-2 and the influence of pro-
tonation state on binding plausibility. MMP-2, a zinc-depen-
dent endopeptidase, critically drives ECM degradation and
contributes to tumor invasion and metastasis in ESCC [43,44].
Within the catalytic pocket, Zn>" is coordinated by His403,
His407, His413, and Glu404, forming a key locus for inhibitor
interactions [44,45].

Energetic and conformational analyses indicated that the neu-
tral tautomer (Ilomastat-1) adopted the more favorable binding
pose, with stronger predicted affinity than the anionic tautomer
(Tlomastat-2) (Glide SP —4.244 kcal-mol™; XP -4.237 kcal-mol ™
MM-GBSA AGbi?d -30.02 kcal-mol~'; Emodel -48.629 versus XP
-2.804 kcal-mol™'; AG,;,4—19.85 kcal-mol ™). These findings sug-
gest that protonation state may influence predicted inhibitor
stability and binding, with bidentate zinc coordination and
hydrogen-bond stabilization contributing to the more favorable
docking profile of the neutral tautomer [46,47].

Electrostatic potential mapping further supported these
observations, showing a positively polarized cavity around Zn**
that was more compatible with the modeled orientation of
Tlomastat-1 than with the anionic tautomer [48-50]. Overall,
the more favorable AGy;, predicted for Ilomastat-1 was con-
sistent with its stronger modeled stabilization within the cata-
lytic pocket, supporting the plausibility of the predicted binding
mode. Comparative docking analyses also consistently favored
Ilomastat-1 over the anionic tautomer, in keeping with its more
favorable predicted interaction pattern within the MMP-2
active site.

Given MMP-2’s pathogenic contribution to ECM degradation
and cancer progression, these findings support the biological
plausibility of Ilomastat as a direct MMP-2 inhibitor candidate
for further evaluation. This interpretation is consistent with prior
non-ESCC experimental studies reporting Ilomastat-associated
inhibition of MMP-2 or gelatinase activity, although such evi-
dence does not substitute for validation in the present ESCC
context [25,51]. Although docking and MM-GBSA rescoring
provided consistent energetic support for the protonation-
dependent stability of Ilomastat within the MMP-2 active site,
no explicit molecular dynamics simulations were performed.
Consequently, the present study does not capture time-depen-
dent interactions such as water-mediated stabilization, Zn>"
coordination fluctuations, or side-chain rearrangements that
may occur under physiological conditions. Short molecular
dynamics simulations would therefore be valuable in future stud-
ies to evaluate the persistence of the predicted llomastat-MMP-2
interactions and refine the mechanistic interpretation

LINC00392 and FABP4 overexpression

FABP4’s pronounced overexpression in tumor tissues highlights
its pivotal role in orchestrating lipid metabolic reprogramming
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within the tumor microenvironment, a process critical for sus-
taining cancer cell proliferation and survival [52-54]. FABP4
supports the enhanced energetic and biosynthetic demands of
aggressive tumor cells by facilitating fatty acid transport and stor-
age [53,55]. This metabolic shift not only promotes tumor growth
but also influences the surrounding stromal and immune cells,
potentially creating an immunosuppressive milieu that favors
tumor progression and metastasis [52,53,56]. Modulating the
immunosuppressive tumor microenvironment is critical for the
successful deployment of treatment techniques, such as immu-
notherapy. Zhang et al. discovered 121 MEM-related genes in
the ESCC microenvironment that are linked to metabolic repro-
gramming that results in immunosuppression. They discovered
that macrophages, T cells, epithelial cells, and B cells were high-
scoring cells that expressed MEM-related genes, and conse-
quently, they successfully developed a 4-gene prognostic model.
This model revealed APOE and MAP1LC3A as possible target
MEM-related genes for the development of anti-ESCC therapies
[10]. Previous research has demonstrated that FABP4 expression
is not statistically significant in esophageal cancer when compar-
ing normal and malignant tissue [52], while Lin et al. [57] dem-
onstrated using Western blot an increased expression of FABP4
in gastric adenocarcinoma cells compared to their adjacent nor-
mal tissues. The specific up-regulation of FABP4 in our ESCC
patients may reflect distinct metabolic vulnerabilities or adapta-
tions shaped by genetic, environmental, or lifestyle factors unique
to this population. However, this overexpression needs to be
further evaluated through direct measurement methodologies
in our ESCC population group.

The association of FABP4 with increased invasiveness and
metastatic potential suggests that it could serve as both a bio-
marker and a therapeutic target [52,54,55]. Targeting FABP4-
mediated pathways may disrupt the metabolic crosstalk between
tumor cells and their microenvironment, thereby impairing
tumor aggressiveness and improving treatment outcomes [52,53].
Integrating FABP4 expression data with other DEGs could facili-
tate the development of precision medicine strategies tailored to
the metabolic and immunological landscape of ESCC tumors.
Such approaches might include inhibitors of lipid metabolism or
combinatorial therapies that simultaneously address metabolic
reprogramming and immune evasion mechanisms, offering new
avenues for combating this malignancy [52,53,56].

There is growing evidence that long noncoding RNAs
(IncRNAs) play a pivotal role in esophageal cancer. In their analy-
sis of 551 gene expression profiles of normal, ESCC, and EAC
tissues or cell lines, Li et al. found 1,159 differentially expressed
IncRNAs that were crucial for the development of both cancer
subtypes [58]. LINC00392 is a long intergenic nonprotein-coding
RNA 392 gene found on chromosome 13 in humans. It was found
to be highly expressed (fold change > 5) in ESCC using RNA-seq
[59,60]. It has also been identified as an independent prognostic
factor in gastric cancer [61] and is differentially expressed in lung
adenocarcinoma [62]. Integration of the HPV genome into the
host genome is a key event in cervical cancer carcinogenesis.
Zhou et al. used long-read sequencing nanopore technology to
undertake comprehensive characterization of large-range virus—
human integration events in 16 HPV16-positive primary cervical
tumors. They identified a recurrent hotspot integration region on
chromosome 13 between the KLF5 and LINC00392 genes, which
disrupted these genes [63]. Approximately 72.4% of our patients
tested positive for HPV, with HPV16 being the most common
strain (58.6%). The substantial overexpression of LINC00392 in
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our study could also be partly attributable to the similar disrup-
tion produced by HPV viral integration; however, further valida-
tion experiments are needed.

Limitations

Although our strategy was successful in identifying potential
miRNA-associated regulatory pathways, the RNA-seq meth-
odology used to prepare the sample libraries was primarily
optimized for large RNAs. Consequently, miR-29 dysregulation
in this cohort was inferred from PEA rather than measured
directly at the miRNA level. Future studies using small RNA-
seq are therefore needed for comprehensive profiling and direct
validation of the implicated miRNAs.

An additional limitation relates to the docking analysis. The
docking results presented here predict plausible binding poses
and relative energetic favorability for Ilomastat within the
MMP-2 catalytic site, but they do not by themselves establish
biological activity, enzymatic inhibition, or functional com-
pensation for reduced miR-29 activity. No molecular dynamics
simulations or direct MMP-2 enzymatic inhibition assays were
performed in the present study; these should be considered
important next steps for evaluating the stability and functional
relevance of the predicted docking poses.

While FABP4 and LINC00392 were highly expressed in
tumor tissues, our study was conducted on bulk tumor samples
compared with adjacent normal mucosa. Sample dissociation,
cell labeling, and bioinformatic deconvolution were not per-
formed prior to analysis; therefore, these substantial overex-
pression signals should be interpreted in that context. In
particular, FABP4 overexpression may partly reflect tumor-
infiltrating macrophages, adipose contamination, or stromal
and vascular components.

As in many RNA-seq studies, our sample size was relatively
small, comprising 29 paired samples (58 total samples). RNA-
seq experiments commonly face sample-size constraints due
to limitations in funding, personnel, and infrastructure. Small
cohort size can reduce replicability and recall in differential
expression and pathway enrichment analyses, even though this
does not necessarily imply a high false-positive rate or poor
enrichment precision [64].

Another major limitation of our study is the lack of orthogo-
nal validation, such as RT-qPCR, immunohistochemistry, or
Western blotting, to support the next-generation sequencing
and docking findings. These limitations were primarily related
to limited available resources and should be addressed in future
validation studies. In addition, we did not perform in silico
validation using external RNA-seq cohorts, such as TCGA
ESCA, which should be explored in future studies.

Conclusion

This study presents an integrative framework linking patient-
derived mRNA transcriptomic data to structure-level modeling
of MMP-2 targeting in ESCC. Pathway enrichment among
paired South African ESCC samples highlighted the miR-29
family as probable regulators of key DEGs, and reduced miR-
29-associated repression was mechanistically consistent with
increased MMP-2 activity. Computational docking analyses
suggested that Ilomastat can plausibly bind the catalytic site of
MMP-2 in a manner consistent with downstream pharmaco-
logic inhibition. These observations are hypothesis-generating
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and do not establish direct mimicry of miR-29 or functional
compensation for reduced miR-29 activity. Rather, they provide
a structural rationale for future studies integrating molecular
dynamics simulations, direct MMP-2 enzymatic assays, and
cell-based validation to test the biological relevance of this pro-
posed axis in ESCC.

Future Research

We regard our findings as laying the groundwork for additional
directed investigations that will target these miRNAs through com-
prehensive, dedicated sequencing and/or PCR-based approaches
and examine the clinicopathological variables associated with their
expression.
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