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Abstract

Colonoscopy remains the gold standard for colorectal cancer (CRC) screening, but its
invasiveness, cost, and limited availability in resource-constrained settings pose major
barriers. Stool-based methylated DNA biomarkers, such as vimentin, offer sensitive,
non-invasive alternatives. Given the high burden of HIV and helminth co-infections in
sub-Saharan Africa and their potential contribution to cancer susceptibility, this study
investigated whether stool-derived vimentin methylation could detect early oncogenic
changes in these high-risk groups. In this retrospective cross-sectional study, archived stool
samples from 62 South African adults were stratified into five groups: uninfected controls,
HIV-infected only, helminth-infected only, HIV-helminth co-infected, and CRC-confirmed
patients. DNA was extracted, bisulfite-converted, and analyzed for vimentin methylation
using a high-resolution melt assay. Fecal occult blood testing (FOBT) was also performed.
Vimentin methylation differed significantly across groups (p < 0.0001). CRC cases showed
90% methylation, confirming its role as a CRC biomarker. Interestingly, vimentin methyla-
tion frequencies were also observed in HIV-only (92.9%, p < 0.0001 vs. controls), helminth-
only (93.3%, p < 0.0001), and HIV-helminth co-infected (77.9%, p < 0.0001) individuals
without diagnosed cancer, compared to 10% in controls. Methylation levels in infected
groups were not significantly different from CRC patients (all p > 0.05), suggesting infection-
induced epigenetic changes of comparable magnitude to malignancy. To support these
results, DNMT1-RG108 molecular docking (PDB 4WXX, Maestro 2025-3) demonstrated
stable binding (GlideScore —6.285 kcal/mol; AG_bind —49.61 kcal/mol) via hydrogen
bonding with Glu1266 and Asn1578 and 7—m stacking with Phe1145, providing a mecha-
nistic explanation for infection-driven vimentin methylation. No significant differences
were found between infected groups. FOBT was positive in 83.3% of CRC cases, with only
sporadic positives in infected groups. These findings provide novel evidence that chronic
HIV and helminth infections are associated with vimentin promoter methylation at levels
indistinguishable from CRC. This supports the hypothesis that persistent infection-driven
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inflammation promotes early epigenetic reprogramming toward oncogenesis. In high-
burden African settings, stool-based methylation assays could serve as early diagnostic
tools to identify at-risk individuals long before clinical disease manifests, enabling targeted
surveillance and prevention.

Keywords: HIV-helminth coinfection; fecal occult blood; stool vimentin methylation; stool
DNA biomarker; early detection; colorectal cancer risk

1. Introduction

Several helminth species, especially schistosomes, have been implicated in the initia-
tion and progression of cancer. The association between schistosomiasis and cancer was
first described in the early 1900s, with Schistosoma haematobium strongly linked to bladder
cancer and Schistosoma mansoni to hepatic carcinoma [1]. More recent studies have ex-
panded this view, showing that additional helminths, including blood flukes (Schistosoma
haematobium, Schistosoma japonicum, Schistosoma mansoni) and liver flukes (Clonorchis sinensis,
Opisthorchis viverrini), contribute to human cancers [2]. However, current evidence sup-
ports but also complicates this association. Experimental studies indicate that Schistosoma
and Trichuris infections promote CRC progression, whereas Taenia species may exert a
protective role [3]. Schistosoma japonicum induces immunosuppressive responses that
drive CRC and worsen outcomes. Interestingly, other parasites such as Eimeria granulosa
can trigger anti-cancer immune activity at early stages of infection, but this effect dimin-
ishes as the infection advances, shifting immunity toward a Th2-dominant profile that
promotes tumor growth and metastasis [3,4]. It is important to note that the protective
effects of helminth infections may be context dependent. For example, in co-infections with
Helicobacter pylori, helminths can skew immunity toward Th2 and regulatory pathways,
mitigating the pro-inflammatory damage induced by H. pylori and thereby reducing the
risk of gastric disease complications, including cancer [5]. However, in the setting of HIV,
which is already well known for its immunosuppressive effects and modulation of genetic
pathways that increase susceptibility to cancer and infections, including helminths [6], the
dynamics shift dramatically. In this context, some helminths, particularly the intestinal
groups, not only promote a cancer-favoring immunosuppressive microenvironment but
also contribute to direct mechanical damage to the colon. Moreover, through the release
of secretory molecules, helminths further modulate host immunity and tissue integrity,
ultimately supporting carcinogenesis [7].

Further cancer-promoting mechanisms shared by helminth infections and the tumor
microenvironment (TME) involve shifts in immune cell metabolism. Helminths modu-
late the metabolic programming of infiltrating immune cells, particularly macrophages.
For example, pattern recognition receptor activation, such as toll-like receptor 4 (TLR4)
signaling by lipopolysaccharide, enhances hypoxia-inducible factor 1-oc (HIF1-x) expres-
sion in M1 macrophages, driving glycolysis for rapid energy acquisition. In contrast,
helminth infections promote interleukin-4 (IL-4) production and polarization toward
M2 macrophages. IL-4, a hallmark of type 2 immune responses, enhances oxidative phos-
phorylation (OXPHOS) and mitochondrial respiration in M2 macrophages surrounding
parasites. This metabolic reprogramming, with reduced glycolysis, decreases the avail-
ability of intermediates required for nucleotide synthesis and limits proliferative capacity
in macrophages. Notably, parallels can be drawn between helminth-infected tissue and
the TME: in both contexts, M1/Thl phenotypes are suppressed, impairing the energy-
intensive demands of infiltrating immune cells and creating an immunosuppressive niche
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favorable for disease progression. This convergence highlights how helminth infections
may reinforce tumor-associated metabolic programs, further promoting cancer initiation
and progression [7].

Helminth infections contribute to genetic instability, a hallmark of CRC. Jusakul
et al. [8] showed that in fluke-associated cholangiocarcinoma (CCA), widespread epigenetic
disruption drives spontaneous 5-methylcytosine deamination and CpG > TpG transitions,
whereas in fluke-negative CCA, intrinsic mutations occur first, followed by methylation
changes. Integrative clustering revealed four CCA subgroups: fluke-positive tumors en-
riched in ERBB2 amplifications and TP53 mutations, and fluke-negative tumors marked by
either high copy-number alterations with PD-1/PD-L2 expression or epigenetic mutations
(IDH1/2, BAP1) with FGFR/PRKA rearrangements. Whole-genome analysis also iden-
tified FGFR2 3’ UTR deletions as a driver of FGFR2 upregulation, alongside noncoding
promoter mutations altering H3K27me3 sites. Distinct DNA hypermethylation patterns
further suggest divergent mutational pathways between clusters [8]. These findings high-
light how helminth infections not only remodel immunity and metabolism but also fuel
genetic and epigenetic instability, processes central to CRC initiation and progression.
Another helminth-associated pro-cancer mechanism, similar to HIV immune suppression,
includes the increased expression of immune checkpoints such as PD-1. This limits the
cancer-immune surveillance.

CRC harbors oncogenic mutations that serve as potential biomarkers and treatment
targets. Amid the global burden of cancer, which claimed approximately 10 million lives
worldwide in 2022 [9], efforts in therapeutic research are increasingly focused on tar-
geted therapies. However, access to these advanced treatments remains determined by
socioeconomic disparities, particularly pronounced in developing regions. In South Africa,
communities are starkly divided into rural, township, and suburban areas, with rural
populations often comprising the most economically disadvantaged. Healthcare resources,
including state-of-the-art facilities, are predominantly concentrated in suburban private
hospitals, accessible to a minority with greater financial means [10]. Helminth infections
are highly prevalent among people living in rural and low-resource peri-urban areas, where
access to costly CRC screening methods such as colonoscopy is limited. Identifying pre-
dictive CRC biomarkers in these populations could enable the establishment of targeted
screening programs for individuals with helminth infections, either alone or in combination
with HIV co-infection [11,12].

Dysregulated methylated events were shown to be potentially effective, non-invasive,
and easily accessible screening markers of CRC. In 2004, a stool DNA panel containing
APC, TP53, KRAS, and BAT26 could detect CRC at 52% sensitivity and 94% specificity. The
stool DNA panel detected 16 of 31 invasive cancers, and the fecal occult blood test (FOBT)
detected 4 of 31 cancers with a sensitivity of 12.9%. There was a difference of 13 cancers
that were not detected by FOBT but picked up by the stool DNA panel [13]. The FOBT has
been used routinely over the years as a diagnostic marker for CRC [14]. The effectiveness of
using a multitarget stool sample was further studied by this approach to a commercial fecal
immunochemical test (FIT) in average-risk CRC patients. The DNA test showed higher
sensitivity for detecting CRC (92.3%) and advanced precancerous lesions (42.4%), exceed-
ing FIT by about 20 percentage points. [15]. Similarly, another study reported that stool
DNA-Fecal Occult Blood Testing (SDNA-FOBT) exhibited significantly higher sensitivity
for the detection of CRC and precancerous lesions compared with conventional FOBT
(61.70% vs. 51.06%, p < 0.01). The authors concluded that sDNA-FOBT represents
a promising non-invasive strategy for CRC screening. However, they also empha-
sized the necessity of validating these results in studies with larger cohorts to ensure
broader applicability [16].
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Vimentin methylation detected in the stool of CRC patients has been shown to have
a specificity of 100%, a sensitivity of 60%, and a positive predictive value of 100% [17].
Vimentin methylation assay is now a validated test known as the ColoGuard assay, used for
the early detection of CRC. Epi proColon® 2.0 CE is another blood-based, FDA-approved
test for screening of CRC [18]. These methods have been shown to be more cost-effective
than the current widespread use of colonoscopy, especially in less privileged areas such
as sub-Saharan Africa. The use of stool-derived DNA-based assays allows collection of
stool from patients at the comfort of their own home, which will later be dropped off at
the nearest health facility for transport to relevant testing sites. Studies comparing cost
effectiveness between the colonoscopy and methylation studies have confirmed the cost ef-
fectiveness of the latter. For instance, a study evaluating CRC screening strategies in Alaska
Native populations compared multitarget stool DNA (MT-sDNA) testing, colonoscopy,
and FIT. All three approaches reduced healthcare costs and improved quality-adjusted life
years (QALYs) relative to no screening. Among the strategies, MT-sDNA provided the
greatest gain in QALYs. Using a Markov model, the analysis demonstrated that MT-sDNA
screening was cost-effective compared with both colonoscopy and FIT across a broad
range of adherence scenarios [19]. A study by Rui et al. (2025) found that all noninva-
sive CRC screening methods they investigated decreased cancer incidence and mortality
compared with no screening. Under perfect adherence, colonoscopy every 10 years was
the most cost-effective, but in real-world settings, every-3-year multitarget stool RNA
testing (mt-sRNA) was preferred. Cost, test performance, and adherence were key determi-
nants. Thus, this indicated that noninvasive methods can be cost-effective alongside all
guideline-recommended strategies [20]. Similarly, another study showed that a minimum
Centers for Medicare & Medicaid Services’ thresholds (CMS-minimum) blood-based test
reduced cancer burden but was less effective than multitarget stool DNA testing, FIT, or
colonoscopy, and would only rival FIT if participation rates were markedly higher. Together,
these findings reinforce the value of DNA-based stool assays as cost-effective, noninvasive
strategies, particularly when adherence to traditional screening methods is suboptimal [21].
Therefore, this study used vimentin methylation and FOBT to detect potential CRC risk in
HIV and helminth infected individuals. According to our knowledge, no study has looked
at CRC predictive molecular markers in HIV alone and HIV-helminths co-infected patients
in Sub-Saharan Africa. Thus, the overarching goal of this study is to assess the association
of helminth infections with oncogenesis concerning immunomodulation, particularly in
HIV-helminth co-infected individuals.

2. Materials and Methods
2.1. Study Design and Setting

This was a retrospective cross-sectional sub-study nested within a larger ethically
approved project (BE351/19). Additional approval for this sub-study was granted
by the Biomedical Research Ethics Committee of the University of KwaZulu-Natal
(BREC/00005458/2023). The main study was conducted in a peri-urban area south of
Durban, KwaZulu-Natal, South Africa, between March 2020 and May 2021. A detailed
account of the study design and setting has been published [22].

2.2. Study Population and Sampling

This sub-study utilized stored stool samples collected from consenting participants
enrolled in the main study. During the collection process, unpreserved stool samples
were aliquoted immediately after collection and stored at —80 °C until DNA extraction.
The interval between collection and analysis ranged from approximately 2 to 3 years.
Although stool without preservative may be more prone to DNA degradation at room
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temperature, prior studies have shown that nucleic acids remain stable when promptly
frozen and maintained at —80 °C. Sixty-two (62) participants were purposively selected
based on their infection status and the availability of complete datasets for subsequent
analyses. Participants were stratified into five groups: HIV-negative and helminth-negative
uninfected controls (n = 10), CRC-positive controls (n = 10), HIV-infected only (n = 14),
helminth-infected only (n = 15), and HIV-helminth co-infected (n = 13). HIV infection was
confirmed using standard serological assays in line with national guidelines, while helminth
infections were identified through stool microscopy and antigen-based tests, as described
in our related publication [23] and unpublished data. Ambiguous or discordant cases
were excluded from downstream analyses. These combined diagnostic and stratification
approaches ensured accurate classification and minimized bias from mixed or uncertain
infections. The CRC positive controls were confirmed cancer patients due for surgery.
Control reactions for methylation-specific PCR were prepared using the EpiTect control
DNA set (QIAGEN, Hilden, Germany) and used to verify primer specificity. A 50%
methylated control was generated by mixing equal volumes of 100% methylated and 0%
methylated bisulfite-converted DNA.

2.3. Experimental Procedures

DNA Extraction from Stool Samples

DNA was extracted from stool samples using the ZymoBIOMICS™ DNA Miniprep Kit
(Zymo Research, Irvine, CA, USA), optimized for microbiome and metagenome analyses.
Approximately 200 mg of stool was added to a ZR BashingBead™ Lysis Tube, followed
by the addition of 750 uL ZymoBIOMICS™ lysis solution. The tube was capped tightly
and subjected to mechanical lysis using an Omni Bead Ruptor 4 Bead Mill homogenizer
(Lasec, Johannesburg, South Africa) operated under optimized speed and duration settings
suitable for 2 mL tube holders. Following lysis, tubes were centrifuged at 10,000x g for
1 min to pellet the debris. Up to 400 uL of the resulting supernatant was transferred to a
Zymo-Spin™ III-F filter placed in a collection tube and centrifuged at 8000x g for 1 min
before the filter was discarded.

A volume of 1200 puL of ZymoBIOMICS™ DNA binding buffer was added to the
filtrate and mixed thoroughly, and 800 pL of the mixture was applied to a Zymo-Spin™
IICR column in a collection tube before centrifuging at 10,000x g for 1 min. This step
was repeated to ensure maximum DNA capture. The bound DNA was then washed by
sequential addition of 400 puL of ZymoBIOMICS™ DNA wash buffer 1 and two washes with
ZymoBIOMICS™ DNA wash buffer 2 (700 pL followed by 200 uL), with centrifugation
at 10,000 x g for 1 min after each wash. The spin column was then transferred to a clean
1.5 mL microcentrifuge tube, and DNA was eluted by adding 100 uL of ZymoBIOMICS™
DNase/RNase-free water directly to the column matrix. After incubating for 1 min, the
column was centrifuged at 10,000 x g for 1 min to collect the purified DNA. To remove
potential PCR inhibitors, 600 uL of ZymoBIOMICS™ HRC prep solution was added to
a Zymo-Spin™ III-HRC filter in a fresh collection tube and centrifuged at 8000x g for
3 min. The previously eluted DNA was then passed through the prepared HRC Filter by
centrifugation at exactly 16,000 g for 3 min. The resulting DNA was free of inhibitors and
suitable for PCR and other downstream applications.

Bisulfite Conversion of Genomic DNA

Bisulfite modification of the eluted DNA was performed using the EpiJET Bisulfite
Conversion Kit (Thermo Fisher Scientific, Waltham, MA, USA). Prior to use, the wash
buffer, desulfonation buffer, and modification reagent were prepared according to the man-
ufacturer’s instructions. For each reaction, 20 uL of 400 ng genomic DNA was transferred
to a PCR tube. A total of 120 pL of freshly prepared modification reagent was added to
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each sample, mixed by pipetting, and centrifuged briefly. Bisulfite conversion was carried
out using protocol A on the manufacturer’s instruction manual. The protocol consists of
incubation at 98 °C for 10 min followed by 60 °C for 150 min in a QuantStudio™ 5 Real-
Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA). Following conversion,
400 pL of binding buffer was added to a DNA purification microcolumn placed in a collec-
tion tube. The converted DNA sample was then added to the column and mixed thoroughly
before centrifugation at 12,000 rpm for 30 s, and the flow-through discarded. The column
was washed with 200 pL of wash buffer, centrifuged again, and treated with 200 pL of
desulfonation buffer for 20 min at room temperature. After another centrifugation at
12,000 rpm for 30 s, two additional washes with 200 pL of wash buffer were performed,
with the final wash centrifuged for 60 s. Purified DNA was eluted by adding 10 pL of
elution buffer directly to the column, followed by centrifugation at 12,000 rpm for 60 s. We
did not amplify the converted DNA but instead stored it at —20 °C until further use.

Amplifying bisulfite-converted DNA extracted from stool samples presents several
technical challenges that can compromise the accurate detection of methylated genes.
Firstly, bisulfite treatment chemically modifies unmethylated cytosines to uracil, a process
known to cause substantial DNA fragmentation and degradation [24,25]. When combined
with the naturally fragmented and low-quality DNA typically recovered from stool, due to
enzymatic digestion, bacterial overgrowth, and environmental exposure, the resulting DNA
may be too degraded for successful amplification [26]. In addition, bisulfite conversion
requires multiple purification steps, each of which contributes to significant DNA loss,
particularly problematic in samples with limited input material [27]. Finally, primer design
for bisulfite-converted DNA is complicated due to the non-complementary nature of
converted strands and the loss of cytosine-guanine pairing. Without carefully optimized,
short amplicon primers, amplification is often inefficient or fails altogether [28]. An in-
house optimization was performed using previously established primer sets, as shown
in Table 1.

Table 1. Primers and probes for bisulfite-converted DNA.

Gene Primer/Probe Primer Sequences References
Forward 5TCGTTTCGAGGTTTTCGCGTTAGAGAC-3'
Vimentin [17]
Reverse 5'CGACTAAAACTCGACCG ACTCGCGA-3/
ACTB Forward GAAAGGGTGTAGTTTTGGGAGGTTAG [29]
Reverse AATAACCCAAATAAATAACCCACTACCTC

High-Resolution Melting Analysis

High-Resolution Melting (HRM) analysis enhances post-PCR analysis by enabling
precise genotyping and mutation scanning through the detection of subtle DNA sequence
variations. It shortens analysis time by auto-calling genotypes, excluding no-template
controls, and reducing subjectivity via automated clustering of unknown variants. The
platform also supports streamlined data visualization and multi-target analysis on a single
plate, improving workflow efficiency.

High-resolution melt analysis was performed using the MeltDoctor™ HRM Reagents
(Thermo Fisher Scientific, Waltham, MA, USA) on a QuantStudio™ 5 Real-Time PCR Sys-
tem (Thermo Fisher Scientific, Waltham, MA, USA), in combination with the high-resolution
Melt Software v3.0 for data analysis. Each HRM reaction was carried out in a final vol-
ume of 10 pL using the MeltDoctor™ HRM Master Mix, with 10 ng of bisulfite-converted
template DNA as input. To validate HRM performance and ensure accurate methylation
discrimination, we included the EpiTect PCR Control DNA Set (Qiagen, Hilden, Germany)
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in each experiment. This human DNA control set contains both bisulfite-converted methy-
lated and unmethylated DNA, as well as unconverted unmethylated DNA. These were
used to generate standard curves and validate primer efficiency for methylation-sensitive
discrimination. Reactions were assembled on ice and included 1x MeltDoctor™ HRM
Master Mix, 0.2 uM each of forward and reverse primers specific for the target region,
and DNA template. Negative controls (no-template controls) and positive controls from
the EpiTect DNA set were included in all runs. Thermal cycling parameters, including
denaturation, annealing/extension, and HRM steps, were optimized. HRM analysis was
performed with a continuous ramping mode selected and a ramp rate of 0.1 °C/s. Data
acquisition occurred continuously throughout the melting phase. Instrument filters were
optimized using the HRM-specific Filter-1 setting (Table 2).

Table 2. Thermal cycling conditions.

Step Temperature (°C) Time Notes
Initial denaturation 95 10 min Polymerase activation
Denaturation 95 15s
Annealing /Extension 60 60s Data collected during this step
Steps 2-3 were repeated 40 cycles
HRM preconditioning 95 10s
HRM step 60 Ramp at 0.1 °C Continuous ramp with data acquisition

Following amplification, the melt curves were normalized, temperature-shifted, and
analyzed using the high-resolution Melt Software v3.0 (Thermo Fisher Scientific, Waltham,
MA, USA), which enables genotype and methylation calling based on curve shape and
melting temperature differences. All assays were run in triplicate, and only samples with
consistent amplification and clear melting profiles were included in the final analysis.

Validation of methylation cutoffs

To confirm assay specificity and ensure reliable interpretation of methylation status,
commercially available DNA standards, EpiTect PCR Control DNA Set (Qiagen, JHB, SA,
Cat. No. 59695), representing 0%, 50%, 75%, and 100% methylation, were used. The 0% and
100% standards served as negative and positive controls, respectively, while intermediate
ratios (50% and 75%) were generated by mixing defined amounts of fully methylated
and unmethylated DNA as per the manufacturer’s instructions. This gradient provided
reference points to validate the assay’s ability to detect both full and partial methylation.

Computational Structural Modeling

The molecular docking and binding-free-energy analyses were performed using the
Maestro v14.5.131 and MMshare v7.1.131 (Schrodinger Suite Release 2025-3, Windows
x64). The modules used, Glide in SP (Standard Precision) mode and Prime MM-GBSA
re-scoring, are integral components of this release. The crystal structure of human DNA
methyltransferase 1 (DNMT1; PDB ID: 4WXX) was imported into Maestro and prepared
with the Protein Preparation Wizard. Chain A, which contains the catalytic domain and the
co-crystallized S-adenosyl-homocysteine (SAH) cofactor, was retained, whereas chain B
and non-essential ions or solvent molecules were removed. Bond orders were reassigned,
hydrogens were added, and missing side chains were rebuilt. The structure was opti-
mized with the OPLS4 force field at physiological pH 7.4 & 0.5 and heavy-atom restraints
(RMSD 0.30 A).

RG108 (N-[4-(hydroxycarbamoyl) benzoyl] acetamide; PubChem CID 6626651), a non-
nucleoside DNMT1 inhibitor, was prepared using Lig-Prep (OPLS4, Epik
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pH 7.4 &+ 0.5). A receptor grid was generated around the centroid of the SAH binding
pocket with inner and outer boxes of 10 A and 24 A, respectively, encompassing residues
Cys1226, Pro1225, Gly1223, Glu1266, Arg1310, and Asn1578. Docking was executed with
Glide SP (enhanced sampling and post-minimization), followed by Glide XP refinement of
the five best SP poses. Binding-free energy (AG_bind) was estimated with Prime MM-GBSA
(OPLS4/VSGB 2.0).

Fecal Occult Blood Test

The fecal occult blood test (FOBT) was performed on stool samples from the same
cohort of 62 participants using the OnSite FOB-Hi Rapid Test-Cassette (CTK Biotech,
Poway, CA, USA) according to the manufacturer’s instructions. This test is a lateral flow
immunoassay designed to qualitatively detect human hemoglobin in stool samples with
a sensitivity threshold of 25 ng/mL. A small amount of stool sample was transferred
into the sample collection tube containing the extraction buffer. After shaking the tube to
ensure homogenization of the stool sample, 3 drops of the diluted specimen were added
to the sample well of the test cassette. Results were interpreted visually within 5-10 min,
following the appearance of pink to red-colored lines with a control line (C) indicating a
valid test function and a test line (T) indicating the presence of occult blood. A test was
considered positive if both C and T lines appeared, regardless of T line intensity, negative if
only the C line appeared, and invalid if the C line was absent.

Statistical analysis

The correlation between infected and uninfected VIM methylation status was analyzed
using the Chi-squared (x?) test and Fisher’s exact test. A p-value of <0.05 was considered
statistically significant. GraphPad Prism 5 (GraphPad Software, Inc., San Diego, CA, USA)
statistical software package was used for analysis.

3. Results
3.1. Assessment of Vimentin Methylation Across CRC and Infection-Related Groups

Figure 1 below represents a melt curve analysis of standard and reference genes
showing distinct peaks corresponding to 0%, 50%, 75%, and 100% methylation levels,
prepared from mixtures of fully methylated and unmethylated control DNA. During
optimization, the reference gene (ACTB) consistently aligned with the 0% methylated
standard, confirming assay specificity. These standards were therefore used to calibrate
the HRM assay. The clear separation of curves confirms the assay’s ability to discriminate
between different methylation levels, validating the experimental conditions.

Melt Curve Plot (Derivative)

Derivative Reporter
’
~

Temperature (°C)
100% @ 75% ® 50% @ 0% @ Reference gene

Figure 1. DNA standards Melt Curve plot.
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Validation of the assay using methylated DNA standards at 0%, 50%, 75%, and 100%.
The primers were methylation-specific, targeting CpG sites within the region of interest.
The reference gene (ACTB), not subject to methylation at these sites, served as a control
and aligned with the 0% methylated standard.

Vimentin methylation was consistent across all infected groups, with 90% methylation
observed in the CRC-confirmed group, supporting its established role as a sensitive stool-
based biomarker for CRC. Notably, methylation frequencies were also observed in infected
groups: 92.9% in HIV-infected only, 93.3% in helminth-infected only, and 77.9% in HIV-
helminth co-infected individuals, compared to only 10% in HIV- and helminth-uninfected
controls (Figure 2).

HIV / Helminth Infection

t
Chronic Inflammation & Immune Dysregulation

t

Epigenetic Alterations
(Vimentin Gene Methylation)
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Methylation Patterns Similar to CRC

t

Potential Increased CRC Risk
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Figure 2. Correlation of Vimentin Methylation Patterns with Colorectal Cancer and Chronic Infec-
tions. (A) Stool vimentin methylation was observed in HIV-, helminth-, and co-infected individuals,
at frequencies comparable to colorectal cancer patients. Although further studies are needed to
confirm this, it is important to note that these observations suggest that chronic infection-associated
methylation signatures might overlap with those previously described in colorectal cancer, posing
challenges for cancer screening in regions endemic for infection. (B) This infographic summarizes
how chronic infections like HIV and helminths cause inflammation and immune disruption, leading
to vimentin gene methylation patterns similar to those in colorectal cancer patients. It highlights the
potential link between infection-driven epigenetic changes and cancer risk, emphasizing the need for
combined infection and cancer prevention efforts.

This distribution revealed significant variation in methylation patterns across un-
infected, singly infected, co-infected, and CRC patient groups (p < 0.0001). While the
uninfected controls exhibited markedly lower methylation compared to CRC patients
(p = 0.0011), methylation frequencies in CRC patients were not significantly different from
those in HIV-infected, helminth-infected, or co-infected individuals. These findings suggest
that infection status may drive methylation changes of comparable magnitude to those
seen in malignancy. When compared to uninfected controls, significantly higher vimentin
methylation frequencies were observed in all infected groups, HIV-infected (p < 0.0001),
helminth-infected (p < 0.0001), and coinfected individuals (p < 0.0001). In contrast, no
significant differences in methylation levels were detected between the infected groups
themselves (HIV versus helminth, coinfected versus HIV, and coinfected versus helminth)
(Table 3). This indicates that while infection, whether by HIV, helminths, or both, drives ele-
vated vimentin methylation, the type of infection does not appear to substantially influence
the extent of methylation once it has occurred.



Microbiol. Res. 2025, 16, 236

10 of 20

Table 3. Frequency of stool vimentin gene methylation in HIV and helminth uninfected, single-
infected, and coinfected individuals, and colorectal cancer patients.

Group, (n) Methylation, n (%)  Non-Methylation, n (%) p Value Odds Ratio (95% CI)
Uninfirclte:zdlgc))ntrols 1(10) 9 (90)
HIXi:ffSEd 13 (92.9) 1(7.1)
Helm(irrl‘ti"lig)feded 14 (93.3) 1(67) <0.0001 *
sz;“ieig)on 10 (76.9) 3 (20)
CRC corgilrinf(():l) patients 9 (90) 1 (10)

HIV and helminth uninfected, single-infected and coinfected individuals

versus
CRC confirmed patients (Positive Control)

Uninfected controls 0.01
versus CRC confirmed 0.0011 (0.00-0.23)
patients
HIV-infected versus 1.0000 1.44
CRC confirmed patients ' (0.08-26.25)
Helminth-infected 156
versus CRC confirmed 1.0000 (0.09-28.17)
patients
Coinfection versus CRC 0.6036 0.37
confirmed patients ' (0.03-4.23)
HIV and helminth single and coinfected groups
Versus
Uninfected controls (Negative Control)
HIV-infected versus 117
Uninfected controls <0.0001 (6.44-2126)
Helminth-infected 126
versus Uninfected <0.0001 (6.96-2281)
controls
Coinfection versus 30
Uninfected controls <0.0001 (2.62-342.9)
Comparison between infected groups
HIV-infected versus 1.0000 0.93
Helminth-infected ' (0.05-16.43)
Coinfection versus 0.26
HIV-infected 0.3259 (0.02-2.85)
Coinfection versus 03111 0.24
Helminth-infected ' (0.02-2.64)

Footnote: * Denotes p-value was derived using the Chi-squared (x?) test. All other p-values were derived using
Fisher’s exact test.

The amplification of vimentin in CRC-confirmed samples is consistent with pre-
vious reports highlighting vimentin methylation as a potential early biomarker of

colorectal oncogenesis [17].
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3.2. Computational Docking and Binding-Energy Results

Docking confirmed that RG108 binds stably within the DNMT1 catalytic pocket that
normally accommodates the SAM/SAH cofactor. In Glide SP mode, RG108 achieved a
GlideScore of —6.285 kcal mol~! with an Emodel of —59.3, indicating strong complementar-
ity between ligand and receptor. XP redocking maintained the same orientation (GlideScore
—5.293 kcal mol 1), validating pose convergence and conformational stability. The 3D
model (Figure 3) revealed that the hydroxamate and amide moieties of RG108 insert be-
tween Cys1226 and Glu1266, forming hydrogen bonds with Glu1266 (OE1, 2.4 A) and
Asn1578 (OD1, 2.8 A). A 7t stacking interaction was observed between the benzoyl ring
of RG108 and Phe1145, while Pro1225 and Gly1223 contributed additional van der Waals
stabilization. Trp1170, Val1144, and Leu1247 reinforced hydrophobic contacts, and Glu1168
and Arg1574 maintained solvent-exposed hydrogen bonds at the pocket entrance.

Figure 3. DNMT1-RG108 3D binding pose. Three-dimensional representation of RG108 (green
sticks) bound within the DNMT1 catalytic pocket (PDB 4WXX). Hydrogen bonds (yellow dashed
lines) involve Glu1266, Asn1578, and Pro1225; hydrophobic contacts include Phel145, Trp1170,
and Vall144.

The 2D interaction diagram (Figure 4) confirmed these contacts: green lines mark
hydrogen bonds to Glu1266 and Asn1578; a violet line indicates 7t— stacking with Phe1145;
and shaded regions denote solvent exposure around Glu1168, Glu1189, and Asp1190. This
configuration shows a partially buried aromatic core with a solvent-accessible hydroxamate
terminus. The Prime MM-GBSA calculation produced a AG_bind of —49.61 kcal mol 1,
confirming a strong and energetically favorable complex. Major residue contributions were
Glul266 (—5.84), Asn1578 (—4.19), Phe1145 (—3.71), Pro1225 (—3.26), Cys1226 (—2.88),
Trp1170 (—2.33), and Arg1574 (—1.95) kcal mol~! (Table 4).

Table 4. Prime MM-GBSA binding-energy decomposition for the DNMT1-RG108 complex.

Residue AG (kcal mol—1) Interaction Type
Glu1266 —5.84 Hydrogen bond/electrostatic
Asnl578 —4.19 Hydrogen bond
Phel145 -3.71 mi—1t stacking /hydrophobic
Pro1225 —3.26 Hydrophobic/backbone contact
Cys1226 —2.88 Catalytic loop stabilization
Trp1170 —2.33 Hydrophobic

Argl574 —-1.95 Polar/solvent-exposed

Total AG_bind —49.61
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Figure 4. DNMT1-RG108 2D interaction diagram. Two-dimensional schematic generated in Maestro.
Green lines show hydrogen bonds with Glu1266 and Asn1578; a violet line indicates 7— stacking
with Phe1145; shaded regions depict solvent-exposed polar residues (Glu1168, Glu1189, Asp1190)
surrounding the hydroxamate terminus.

Per-residue energies confirm that Glu1266, Asn1578, and Phe1145 dominate RG108
stabilization within the DNMTT1 catalytic pocket (Figure 3).

3.3. Assessment of Fecal Occult Blood Test Across CRC and Infection-Related Groups

Among the CRC confirmed group, 10 out of 12 samples (83.3%) tested positive for
occult blood. In contrast, only 1 sample each from the HIV-only infected group (1/13;
7.7%) and the HIV-helminth co-infected group (1/12; 8.3%) showed a positive FOBT result.
All other participants, including those in the helminth-only group (0/15) and HIV and
helminth-uninfected controls (0/10), tested negative. Integrating methylation profiling
with FOBT enhances the accuracy of CRC screening by compensating for FOBT’s limited
sensitivity in early lesions. In our cohort, cases with positive FOBT results, particularly
those with HIV or HIV /helminth co-infection, also showed altered vimentin methylation,
suggesting a potential complementary diagnostic value between the two approaches.

4. Discussion

This study aimed to investigate the association between HIV-helminth co-infections
and predictive biomarkers of CRC, focusing on the fecal occult blood test and vimentin
methylated DNA marker. Given the high burden of infectious diseases in sub-Saharan
Africa and their potential role in chronic inflammation and cancer susceptibility [30], we
sought to explore whether individuals with HIV infection only, helminth infection only,
or HIV-helminth co-infected individuals exhibit molecular signatures that may reflect
susceptibility to CRC development. Understanding such associations is critical for improv-
ing non-invasive, accessible CRC screening strategies tailored to high-risk populations in
resource-limited settings.

4.1. Vimentin Methylation

Methylation analysis of the vimentin gene in stool samples showed a marked differ-
ence between HIV and helminth uninfected controls and all infection groups, supporting
our hypothesis that chronic infectious co-states may elevate CRC risk through epige-
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netic mechanisms. In HIV-helminth uninfected controls, vimentin methylation was rarely
detected (1/10, 10%), in contrast to the CRC-confirmed group (9/10, 90%). Inflammation-
associated infectious states mirrored this elevation: HIV-only (13/14, 92.9%), helminth-
only (14/15, 93.3%), and HIV-helminth co-infected individuals (10/13, 76.9%). Vimentin
methylation is a well-established stool-based biomarker for CRC, with high specificity in
distinguishing cancerous lesions from healthy tissue [17,31]. Moreover, infectious agents
are increasingly implicated in oncogenic epigenetic modulation. Infection-driven DNA
methylation changes are recognized as mechanisms through which pathogens may promote
tumorigenesis [32].

The present study findings demonstrate that vimentin gene methylation is not exclu-
sive to CRC but is also significantly elevated in individuals with HIV or helminth infections,
irrespective of coinfection status. The comparable methylation levels between infected
groups and CRC patients suggest that chronic infection-driven inflammation may induce
epigenetic alterations of a magnitude similar to those associated with malignancy. This
aligns with evidence linking persistent immune activation and inflammatory signaling
to aberrant DNA methylation patterns, which may facilitate tumorigenic pathways [33].
Importantly, in this case, the absence of differences between HIV-only, helminth-only, and
HIV-helminth coinfected groups indicates that the presence of infection, rather than its
specific etiology, is the dominant driver of this methylation change. Dysregulated DNA
methylation is associated with HIV infection, with the potential for developing genetic
therapies targeting methylated HIV viral genes [34]. Such infection-associated epige-
netic modulation could represent an early carcinogenic event, particularly in populations
with high burdens of infectious diseases. These findings show the potential of vimentin
methylation as both a biomarker of CRC and a marker of infection-related epigenetic
reprogramming, with implications for screening strategies in endemic regions.

4.2. Mechanistic and Translational Insights

The computational modeling provides a structural and energetic context linking
DNMT1 inhibition by RG108 to vimentin (VIM) promoter hypermethylation observed
experimentally. DNMT1 is essential for maintenance methylation during DNA replication;
chronic activation causes aberrant CpG methylation of tumor-suppressor genes, including
VIM. Docking and MM-GBSA analyses reveal that RG108 occupies the SAM /SAH-binding
channel, establishing strong hydrogen bonds with Glu1266 and Asn1578, and 7—t stacking
with Phel145, key residues that govern methyl-transfer catalysis. These contacts obstruct
the correct alignment of the methyl donor and acceptor, effectively blocking enzymatic
turnover. The top SP pose (GlideScore —6.285 kcal mol~!; Emodel —59.3) and MM-GBSA
energy (AG_bind —49.61 kcal mol~!) agree with reported affinities for validated DNMT1
inhibitors [35,36]. Electrostatic stabilization dominated by Glu1266, followed by Asn1578
and Phe1145, underscores the role of polar and aromatic interactions in ligand affinity [35].

The structural overlap between RG108 and SAH indicates competitive inhibition,
particularly relevant under inflammatory conditions with elevated S-adenosylmethionine
(SAM) levels [36,37]. These mechanistic insights extend the biological observations from
stool-based methylation analyses. In chronic infections such as HIV and helminthiasis,
oxidative and cytokine stress upregulate DNMT1, promoting aberrant VIM methylation.
By binding to the catalytic loop (Glu1266-Asn1578-Pro1225), RG108 may suppress infection-
driven epigenetic silencing and restore tumor-suppressor gene expression [36,38]. The
favorable MM-GBSA profile and stable hydrogen-bond /7—m network confirm RG108’s
demethylating potential and provide a structural rationale for DNMT1 inhibition in
infection-associated colorectal carcinogenesis.
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Overall, this computational component strengthens the translational narrative by
linking experimental methylation data with a molecular-mechanistic explanation. The
integration of in silico docking, MM-GBSA energetics, and experimental methylation
profiles establishes RG108 as a mechanistically plausible DNMT1 inhibitor capable of
reversing infection-induced VIM silencing and supporting the design of next-generation
DNMT1-targeted therapeutics.

With further evaluation of potential markers for CRC susceptibility, the FOBT demon-
strated relatively strong diagnostic alignment with CRC, with 83.3% (10/12) in the CRC
confirmed group. This supports existing evidence that FOBT, despite its simplicity, remains
a useful initial screening tool for CRC, especially in low-resource settings where more
advanced molecular testing may be unavailable. However, the detection of positive FOBT
results in one participant in the HIV-infected only group and another in the HIV-helminth
co-infection group raises concerns about the specificity of FOBT in populations burdened
with chronic infections. The detection of blood in these cases may be correlated with
previous studies that demonstrated a significantly higher false-positive rate associated
with infections [39] or altered mucosal integrity [40]. While FOBT remains cost-effective
and non-invasive, its lack of molecular specificity [41] emphasizes the need to complement
it with additional validated biomarkers to improve diagnostic accuracy. These findings
suggest that combining FOBT with methylation markers, or integrating them into a multi-
modal screening algorithm, may enhance early CRC detection, particularly in high-risk
populations with co-infections.

5. Challenges and Limitations

It is important to note that genetic variability plays an important role in methylation
studies. Thus, genetic and epigenetic variability in African populations may influence
assay performance. African populations have the greatest genomic diversity globally [42],
including polymorphisms that may occur within primer binding sites, potentially affecting
amplification efficiency or specificity. In their study on genetic variability in helminth
infections, Papaiakovou et al. [43] investigated single-nucleotide variants within nuclear
repeat regions, with a specific focus on primer binding sites, to assess their impact on the
performance of diagnostic qPCR assays. The authors found that genetic variation within
these target regions can significantly influence qPCR assay sensitivity and specificity. Such
variability may lead to reduced amplification efficiency or complete failure of detection,
thereby increasing the risk of false-negative results. These findings underscore the impor-
tance of continuously monitoring genetic diversity in diagnostic targets, particularly in
endemic regions, to ensure the reliability and accuracy of qPCR-based diagnostics [43].

Additionally, while the frequency of methylation in infection groups approached
that of CRC cases, it is important to consider that its elevation in non-cancer infectious
disease cohorts likely reflects background epithelial turnover, chronic inflammation, or
infection-associated epigenetic remodeling hence future studies need to also consider the
use of blood-based analysis, as indicated in a study by Gopal et al., 2023 to ascertain which
route would be best for use as a susceptibility marker [44]. Stool-derived DNA, while
advantageous due to its non-invasive collection and acceptability in low-resource settings,
can be more variable in quality and prone to degradation over time [45]. Furthermore,
sample-to-sample variability, particularly in stool-derived DNA, which contains a complex
mixture of human, microbial, dietary, and inhibitory substances, should be taken into
consideration when performing this kind of assay. Variability in epithelial cell shedding,
the degree of microbial contamination, and PCR inhibitors can all affect DNA quality and
downstream assay performance [15].
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Optimization of stool-derived DNA methylation markers remains a challenge, and
this can be further compounded by variable sample quality [46]. In this study, archived
stool samples collected several years prior were utilized. Stool samples are inherently
more prone to variability: they contain mixed DNA populations (host, microbial, di-
etary) and are technically more challenging to preserve than blood or plasma. Studies
demonstrate that stool DNA integrity and microbial community composition significantly
deteriorate if not frozen within 15 min of defecation, aliquoted immediately, and stored at
—80 °C, with degradation increasing with daily freeze—-thaw cycles [47]. While some micro-
biome data remain stable in domestic freezers at —20 °C for up to six months [48], high-
sensitivity assays like methylation-specific PCR are likely affected by even small losses in
DNA integrity.

This study did not assay IL-6, TNF-«, or similar inflammatory mediators in the same
stool samples used for vimentin methylation profiling. Although related work in the
same cohort has demonstrated elevated Th1/Th17 cytokine expression in HIV-helminth
co-infection [49], the causal relationship between chronic inflammation and methylation
remains hypothetical and warrants further targeted investigation. Lastly, we acknowledge
that the group sizes in our study are relatively small, which limits the statistical power to
detect subtle differences in methylation frequency. However, we used appropriate statistical
methods for small samples (Fisher’s exact test) and reported exact p-values, effect sizes
(odds ratio), and 95% confidence intervals as evident in Table 3. We therefore recommend
validation in larger, independent cohorts to confirm these findings.

6. Future Directions

Helminth infections are well known to induce a dominant Th2 immune profile char-
acterized by elevated secretion of IL-4, IL-5, IL-10, IL-13, and TGEF-f3, accompanied by the
activation of alternatively activated macrophages (M2 phenotype) and regulatory T cells.
These immune signatures create an anti-inflammatory, tissue-repairing milieu that mirrors
tumor-promoting environments, favoring immune suppression, angiogenesis, and epithe-
lial proliferation [7]. Chronic exposure to Th2 cytokines such as IL-4 and IL-13 has been
shown to enhance cellular proliferation, modulate DNA methyltransferase activity, and
promote tumorigenesis through persistent epigenetic reprogramming [50]. To strengthen
causal inference, future studies should integrate cytokine profiling with DNA methylation
analyses to assess whether specific inflammatory pathways are correlated with methyla-
tion at cancer-related loci such as the VIM promoter. Correlative and mediation analyses
between Th2 cytokine concentrations and stool-based methylation markers could delineate
the contribution of immune dysregulation to epigenetic alterations that precede tumor
initiation. Given the ethical limitations of obtaining colon biopsies from asymptomatic HIV-
or helminth-infected individuals, future research should prioritize non-invasive sampling
approaches. These include fecal cytokine profiling [51], which offers a promising strategy to
assess intestinal immune activity alongside stool-based methylation and microbial analyses.
Combining these complementary non-invasive biomarkers may enable longitudinal moni-
toring of infection-associated inflammation and its epigenetic consequences, providing an
opportunity to identify early molecular changes that precede CRC development.

Moreover, integrated multi-omics studies that simultaneously assess the gut micro-
biome, well established for its role in cancer initiation and progression, yet notably altered
in the presence of helminth infection [52], together with host cytokine networks and DNA
methylation patterns, could elucidate how infectious co-states reconfigure the intestinal
microenvironment and contribute to carcinogenesis. Experimental validation in cell-based
and animal models should investigate whether parasite-induced cytokines or helminth
excretory /secretory molecules (E-S products) drive DNMT expression or direct methylation
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of oncogenic targets [53]. Such mechanistic insights may open translational avenues for
early detection and intervention, potentially reversing or halting precancerous epigenetic
changes following infection clearance or immune modulation. Finally, contextualizing
these investigations within Sub-Saharan African settings is essential. In this region, HIV
and helminth infections remain prevalent, and access to invasive diagnostic modalities
is limited. Validating stool-based DNA methylation and fecal cytokine markers in these
populations could enable low-cost, community-based screening for individuals at elevated
CRC risk. Ultimately, this integrated approach may inform precision prevention strategies
aimed at reducing the infection-associated cancer burden in Africa.

7. Conclusions

This study provides the first evidence linking HIV-helminth co-infections to molecular
signatures consistent with increased CRC susceptibility in a Sub-Saharan African context.
We demonstrated that stool-based vimentin promoter methylation, a well-established CRC
biomarker, was markedly elevated not only in CRC-confirmed patients but also in individ-
uals with HIV infection, helminth infection, and HIV-helminth co-infection, compared to
uninfected controls. These findings strongly support our hypothesis that chronic infectious
co-states may drive epigenetic remodeling, mimic oncogenic methylation patterns, and
potentially predispose to malignancy. However, the clinical utility of infection-associated
methylation as a screening tool remains underexplored in the absence of longitudinal
follow-up linking these changes to actual cancer development. Thus, this study provides
a foundation for future large-scale, long-term studies to validate these observations and
establish translational relevance. The FOBT showed substantial concordance with CRC
diagnosis, attesting to its ongoing relevance as a low-cost screening tool in resource-limited
settings. However, positive FOBT results in the 2 individuals in the non-cancer infection
groups highlight the risk of false positives in populations with chronic inflammatory or
mucosal pathology, reinforcing the need for molecular adjuncts to enhance specificity.
Overall, our findings suggest that integrating stool-based DNA methylation assays might
improve early CRC detection in high-risk, infection-burdened populations. Longitudinal
studies are now warranted to determine whether infection-associated methylation changes
precede neoplastic transformation, thereby offering predictive value for targeted prevention
strategies, Figure 5.

Conduct Longitudinal Studies

Helps understand long-term cancer
risk associated with infection-
induced methylation.

&,
Improves accuracy by differentiating

between infection-induced and /=
cancer-specific methylation.

B

Use Vimentin Methylation Alone
May lead to false positives due to
infection-induced methylation.

Reduces false positives and
improves resource allocation.

4

Figure 5. Concluding Figure. Conceptual framework for CRC screening in populations with high HIV
and helminth prevalence based on vimentin methylation status. The schematic illustrates different
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approaches for interpreting stool-based vimentin methylation results. (A) Using vimentin methylation
alone may result in false positives due to infection-induced methylation in HIV- and helminth-
infected individuals. (B) Combining vimentin methylation with other CRC-specific biomarkers
enhances screening accuracy by distinguishing infection-induced epigenetic changes from malignant
alterations. (C) Integration with infection diagnosis and treatment helps reduce false positives,
ensuring appropriate resource allocation. (D) Conducting longitudinal studies in infected populations
allows assessment of long-term CRC risk associated with infection-driven methylation, guiding
targeted surveillance strategies. This framework emphasizes the need for a multifaceted approach to
early CRC detection in high-risk, infection-burdened regions.
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