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Abstract: Colorectal cancer (CRC) is frequently diagnosed beyond the earliest stages, 

underscoring the need for molecular changes detectable during early disease. Previous 

studies identified widespread differential methylation of solute carrier (SLC) genes in CRC; 

however, whether these alterations are accompanied by concordant expression changes at 

Stage I, and which SLC genes warrant further prioritization, remain unclear. We integrated 

a previously generated CRC methylome dataset comprising 2,277 differentially methylated 

probes mapped to 336 SLC genes with stage-stratified TCGA colon adenocarcinoma 

(COAD) and rectal adenocarcinoma (READ) gene-expression and promoter-methylation 

data through UALCAN. Twenty-eight genes showed significant changes in both molecular 

layers, and 15 retained canonical inverse methylation–expression relationships in Stage I 

CRC. Four genes were prioritized based on concordance across COAD and READ and 

supporting CRC evidence. SLC5A7 was downregulated and promoter-hypermethylated, with 

expression p = 1.88 × 10⁻⁵ (COAD) and 2.10 × 10⁻² (READ), and methylation p < 1 × 10⁻¹² 

and 3.12 × 10⁻³, respectively. In contrast, SLC7A5 was upregulated and hypomethylated 

(expression: 3.67 × 10⁻¹² and 4.02 × 10⁻⁷; methylation: 1.11 × 10⁻¹⁶ and 3.79 × 10⁻⁴), as were 

SLC39A10 (expression: 2.83 × 10⁻¹¹ and 1.97 × 10⁻⁸; methylation: 3.73 × 10⁻⁶ and 1.76 × 

10⁻³) and SLC7A11 (expression: 2.92 × 10⁻⁸ and 3.06 × 10⁻²; methylation: <1 × 10⁻¹² and 

3.00 × 10⁻⁴), with values reported for COAD and READ, respectively. By integrating 
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promoter methylation with expression at Stage I, this study narrows previously reported SLC 

methylation alterations to four candidate genes showing concordant early-stage molecular 

dysregulation across colon and rectal cancer datasets. Together, these results prioritize four 

SLC genes for further functional and clinical validation in early-stage CRC. Their diagnostic 

utility remains to be established in independent cohorts. 

Keywords: colorectal cancer; DNA methylation; solute carrier; cancer biomarker; early 

detection 

 

1. Introduction 

Colorectal cancer (CRC) remains a major cause of cancer morbidity and mortality. In 

Malaysia, CRC is among the most common malignancies and a substantial proportion of 

patients are diagnosed at advanced stages, when treatment options are more limited and 

survival is poorer. The Malaysian National Cancer Registry has reported a high national 

burden of CRC, and population-level survival analysis has shown a marked increase in 

mortality risk with advancing stage [1–3]. These observations reinforce the clinical value of 

biomarkers that can identify molecular changes associated with early disease. 

DNA methylation is a central epigenetic mechanism regulating gene expression. 

Aberrant promoter hypermethylation can silence genes with tumour-suppressive functions, 

whereas hypomethylation may accompany transcriptional activation or broader genomic 

dysregulation [4,5]. Because methylation changes are stable and can occur early in 

carcinogenesis, they have attracted considerable interest as diagnostic and prognostic 

biomarkers [6–8]. 

The solute carrier (SLC) superfamily comprises membrane transporters that control 

the movement of nutrients, ions and metabolites across biological membranes. SLC 

transporters contribute to cellular homeostasis but can be repurposed by malignant cells to 

support altered metabolism, redox balance, drug transport and signalling [9,10]. Epigenetic 

regulation of SLC genes is therefore biologically relevant to cancer development. Previous 

colorectal methylome studies identified extensive differential methylation among SLC genes 

and suggested that these genes may have diagnostic and therapeutic value [11,12]. 

However, whether these methylation changes are accompanied by corresponding 

gene-expression changes in early-stage disease remains unresolved. Integrating promoter 

methylation with gene expression may therefore help distinguish epigenetic alterations that 

are more likely to have transcriptional relevance. In particular, promoter hypermethylation 
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accompanied by reduced expression, or promoter hypomethylation accompanied by 

increased expression, provides a biologically interpretable framework for candidate 

prioritization. The present study therefore integrated a previously generated CRC 

methylation dataset with stage-stratified TCGA COAD and READ expression and promoter-

methylation data available through UALCAN [13,14]. The objective was to identify a shortlist 

of SLC genes showing canonical inverse promoter methylation–expression patterns in Stage 

I CRC across both colon and rectal adenocarcinoma and to prioritize candidates with 

supporting evidence for CRC-related biological or diagnostic relevance. 

2. Materials and Methods  

2.1. Study Design and Source Datasets 

This study was designed as a secondary integrative analysis. The candidate SLC gene 

set was derived from previously published methylome profiling using the Infinium 

HumanMethylation450 BeadChip of 54 CRC tumours and 54 matched adjacent normal 

tissues (GEO accession GSE193535) (n = 108) [11,12]. In that work, genomic DNA was 

extracted from pathologist-reviewed tissue, subjected to bisulfite conversion and profiled 

using the Infinium HumanMethylation450 BeadChip. The array interrogated 485,577 CpG 

loci. The present study did not collect new human specimens; rather, it used the previously 

generated methylation results as a discovery set and public TCGA data for stage-stratified in 

silico evaluation. Accordingly, no additional institutional ethical approval was required for 

the present secondary analysis. 

2.2. Methylation-Array Preprocessing and SLC Candidate Derivation 

The previously reported methylation workflow used GenomeStudio for initial quality 

control and the ChAMP R package for downstream processing [15]. CpG sites with detection 

p > 0.01 were excluded, Peak-Based Correction [16] was used for normalization, and ComBat 

[17] was applied for batch-effect correction. Differentially methylated probes (DMPs) were 

identified using limma [18] with false-discovery-rate control at p < 0.01 [11,12]. This analysis 

yielded 157,846 significant DMPs. The number reflects the extent of genome-wide 

methylation differences detected between CRC and matched adjacent normal tissues under 

an FDR-controlled threshold, rather than the use of an unadjusted significance criterion. 

Restriction to SLC genes identified 2,277 DMPs mapping to 336 SLC genes, which formed 

the starting candidate set for the current analysis. 

 

 



PMMB 2026, 9, 1; a0000658 4 of 19 

 

2.3. UALCAN-Based Expression and Promoter Methylation Analysis 

UALCAN is an interactive portal that enables interrogation of TCGA molecular and 

clinical datasets [13,14]. The 336 differentially methylated SLC genes were queried separately 

in TCGA COAD and TCGA READ. For each gene, stage-stratified gene-expression and 

promoter-methylation outputs were evaluated. Genes with transcript abundance >1 TPM 

were retained as a pragmatic filter to exclude very low-abundance transcripts, for which 

UALCAN advises cautious interpretation. Pairwise comparisons between normal and tumour 

groups were performed within UALCAN using an unpaired two-sample t-test. A portal-

reported p < 0.05 was used for candidate screening. These p-values were not subjected to 

additional multiple-testing correction in the present analysis and were therefore interpreted 

as part of a sequential candidate-prioritization framework rather than as definitive evidence 

of differential expression or methylation. The initial screening required significant 

differences between normal tissue and tumour for both gene expression and promoter 

methylation. After cross-referencing the expression and promoter-methylation outputs and 

excluding SLC15A5 because relevant UALCAN data were unavailable, 28 genes were taken 

forward for Stage I evaluation. 

2.4. Stage I Prioritization and Canonical Methylation–Expression Filtering 

The 28 genes were next evaluated specifically in Stage I CRC versus normal tissue 

in both TCGA COAD and READ. A canonical inverse methylation–expression pattern was 

defined a priori as either: (i) promoter hypermethylation accompanied by lower gene 

expression, or (ii) promoter hypomethylation accompanied by higher gene expression. This 

biological filter was used as a deliberately restrictive prioritization criterion to enrich for 

genes in which promoter methylation was directionally consistent with transcriptional 

regulation. Non-canonical methylation–expression relationships were not considered 

biologically irrelevant, as gene-body methylation, distal regulatory elements, chromatin state, 

transcription-factor activity and other regulatory mechanisms may produce more complex 

expression patterns [4,19]. 

2.5. Literature-Supported Prioritization 

The 15 genes were qualitatively reviewed for published evidence linking each gene 

to CRC biology, early disease, diagnostic relevance or mechanistic regulation. PubMed was 

searched using combinations of the gene symbol with terms including “colorectal cancer”, 

“CRC”, “methylation”, “expression”, “biomarker”, “diagnosis”, “prognosis” and “functional 

regulation”. In addition, NCBI Gene and GeneCards were used primarily for gene annotation 

and cross-referencing. Studies were considered relevant when they provided gene-specific 
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evidence in CRC, including experimental, clinical or bioinformatic findings related to tumour 

biology, methylation–expression regulation or diagnostic potential. This step was used for 

qualitative candidate prioritization and was not conducted as a systematic review or meta-

analysis. 

2.6. Statistical Interpretation 

The analysis used significance values displayed by UALCAN for group comparisons. 

A threshold of p < 0.05 was used for the UALCAN filtering steps. The prior microarray 

discovery analysis used FDR-adjusted p < 0.01 for DMP identification. Because the current 

study was a candidate-prioritization analysis based on public portal outputs, no new 

multivariable modelling, receiver-operating-characteristic analysis or independent validation 

was performed. Published AUC values cited for individual genes refer to external studies and 

were not generated in the present analysis. As the UALCAN-based screening relied on 

nominal portal-reported p-values without additional multiple-testing correction, these results 

were used for candidate prioritization and require validation in independent datasets. 

 

Figure 1. Study workflow for SLC-gene prioritization. The starting SLC list was derived from a previously 

generated colorectal methylome dataset, followed by stage-stratified expression and promoter methylation 

analysis using TCGA COAD and READ through UALCAN. DMP, differentially methylated probe; CRC, 

colorectal cancer; TCGA, The Cancer Genome Atlas. 
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3. Results 

3.1. Sequential Filtering Identifies 15 SLC Genes with Canonical Stage I Methylation–

Expression Patterns 

The starting set comprised 336 SLC genes containing 2,277 DMPs from the 

previously generated CRC methylome dataset. When these genes were evaluated through 

UALCAN, 100 genes showed significant expression differences and 114 showed significant 

promoter-methylation differences between normal tissue and all tumour stages. The 

intersection yielded 28 genes with significant changes in both molecular layers. Stage I versus 

normal comparison then identified 15 genes with canonical inverse methylation–expression 

patterns in both TCGA COAD and READ (Table 1). Eleven genes were upregulated with 

promoter hypomethylation, whereas four genes were downregulated with promoter 

hypermethylation. 

Table 1. Fifteen SLC genes showing canonical inverse expression–promoter methylation patterns in Stage I 

CRC versus normal tissue in both TCGA COAD and READ. 

Gene Stage I expression Stage I promoter 

methylation 

Canonical 

interpretation 

Prioritized 

SLC11A1 Increased Hypomethylated Canonical No 

SLC11A2 Increased Hypomethylated Canonical No 

SLC18A2 Decreased Hypermethylated Canonical No 

SLC25A17 Increased Hypomethylated Canonical No 

SLC27A5 Increased Hypomethylated Canonical No 

SLC2A4 Decreased Hypermethylated Canonical No 

SLC2A8 Increased Hypomethylated Canonical No 

SLC35B1 Increased Hypomethylated Canonical No 

SLC35F1 Decreased Hypermethylated Canonical No 

SLC39A10 Increased Hypomethylated Canonical Yes 

SLC41A3 Increased Hypomethylated Canonical No 

SLC4A5 Increased Hypomethylated Canonical No 

SLC5A7 Decreased Hypermethylated Canonical Yes 

SLC7A11 Increased Hypomethylated Canonical Yes 

SLC7A5 Increased Hypomethylated Canonical Yes 
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3.2. Four Genes Show Consistent Stage I Changes and Supporting CRC Evidence 

Four genes were prioritized after integrating the Stage I molecular pattern with 

external CRC-related evidence: SLC5A7, SLC7A5, SLC39A10 and SLC7A11. All four 

showed statistically significant Stage I-versus-normal differences for both expression and 

promoter methylation in TCGA COAD and READ (Table 2). The direction of change was 

concordant across the two anatomical datasets. 

Table 2. UALCAN-reported p-values for Stage I CRC versus normal tissue for the four prioritized SLC genes. 

Gene Stage I molecular pattern Expression p 

TCGA COAD 

Expression p 

TCGA READ 

Promoter 

methylation p 

TCGA COAD 

Promoter 

methylation p 

TCGA READ 

SLC5A7 Downregulated / hypermethylated 1.88 × 10⁻⁵ 2.10 × 10⁻² <1 × 10⁻¹² 3.12 × 10⁻³ 

SLC7A5 Upregulated / hypomethylated 3.67 × 10⁻¹² 4.02 × 10⁻⁷ 1.11 × 10⁻¹⁶ 3.79 × 10⁻⁴ 

SLC39A10 Upregulated / hypomethylated 2.83 × 10⁻¹¹ 1.97 × 10⁻⁸ 3.73 × 10⁻⁶ 1.76 × 10⁻³ 

SLC7A11 Upregulated / hypomethylated 2.92 × 10⁻⁸ 3.06 × 10⁻² <1 × 10⁻¹² 3.00 × 10⁻⁴ 

p-values are UALCAN-reported values for Stage I CRC versus normal tissue comparisons; no additional 

multiple-testing correction was applied in the present study. 

3.2.1. SLC5A7 

SLC5A7 showed lower expression together with promoter hypermethylation in Stage 

I CRC in both TCGA datasets. In COAD, expression and promoter methylation differed at p 

= 1.88 × 10⁻⁵ and p < 1 × 10⁻¹², respectively; corresponding READ p-values were 2.10 × 10⁻² 

and 3.12 × 10⁻³. These findings indicate that reduced SLC5A7 expression with promoter 

hypermethylation is already evident at Stage I in both COAD and READ. Independent 

experimental evidence has described SLC5A7 as a tumour-suppressive choline transporter in 

CRC: increased SLC5A7 activity impaired tumour growth through p53 stabilization, and 

targeted promoter demethylation restored SLC5A7 expression and suppressed tumour 

progression [14]. This direct link between promoter methylation, expression and tumour-

suppressive function makes SLC5A7 a particularly strong mechanistically supported 

candidate in the present prioritization. The stage-stratified expression and promoter-

methylation patterns are shown in Figure 2. 
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Figure 2. Stage-stratified SLC5A7 expression and promoter methylation in TCGA colon adenocarcinoma 

(COAD) and rectal adenocarcinoma (READ). (A) SLC5A7 expression in COAD; (B) promoter methylation in 

COAD; (C) SLC5A7 expression in READ; and (D) promoter methylation in READ. Asterisks indicate 

UALCAN-reported pairwise statistical significance: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 

(****). Only statistically significant pairwise comparisons are annotated; non-significant stage-to-stage 

comparisons are omitted for clarity. Sample sizes for each group are indicated below the corresponding 

boxplots. 

3.2.2. SLC7A5 

SLC7A5 expression was upregulated and promoter hypomethylated in Stage I CRC 

in both COAD and READ. The Stage I differences were highly significant for expression 

(COAD p = 3.67 × 10⁻¹²; READ p = 4.02 × 10⁻⁷) and promoter methylation (COAD p = 1.11 

× 10⁻¹⁶; READ p = 3.79 × 10⁻⁴). This pattern indicates that SLC7A5 upregulation with 

promoter hypomethylation is detectable from Stage I in both datasets. SLC7A5, also known 

as LAT1, supports amino acid transport and has been linked to mTORC1-driven metabolic 

reprogramming, proliferation and migration in CRC [15–17]. Published work reported strong 

diagnostic performance for SLC7A5-associated serum and tissue measurements, including 

AUC values of 0.9846 and 1.000, respectively [16]. These external AUC values support 
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diagnostic relevance but were not calculated in the current study. The stage-stratified 

expression and promoter-methylation patterns are shown in Figure 3. 

 

Figure 3. Stage-stratified SLC7A5 expression and promoter methylation in TCGA colon adenocarcinoma 

(COAD) and rectal adenocarcinoma (READ). (A) SLC7A5 expression in COAD; (B) promoter methylation in 

COAD; (C) SLC7A5 expression in READ; and (D) promoter methylation in READ. Asterisks indicate 

UALCAN-reported pairwise statistical significance: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 

(****). Only statistically significant pairwise comparisons are annotated; non-significant stage-to-stage 

comparisons are omitted for clarity. Sample sizes for each group are indicated below the corresponding 

boxplots. 

3.2.3. SLC39A10 

SLC39A10 showed increased expression with promoter hypomethylation in Stage I 

CRC. Expression p-values were 2.83 × 10⁻¹¹ in COAD and 1.97 × 10⁻⁸ in READ, while 

promoter methylation p-values were 3.73 × 10⁻⁶ and 1.76 × 10⁻³, respectively. The 

concordant Stage I increase in expression and promoter hypomethylation across COAD and 

READ supports further investigation of SLC39A10 as an early molecular alteration. 

SLC39A10 encodes the zinc transporter ZIP10 and has been implicated in exosome-mediated 

intercellular communication in CRC. A published bioinformatic analysis reported an AUC 
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of 0.987 for distinguishing CRC from normal tissue and linked SLC39A10 expression to 

tumour stage and microsatellite-instability-related biology [18]. Although direct functional 

evidence for promoter methylation remains limited, the concordant TCGA pattern supports 

further investigation. The stage-stratified expression and promoter-methylation patterns are 

shown in Figure 4. 

 

Figure 4. Stage-stratified SLC39A10 expression and promoter methylation in TCGA colon adenocarcinoma 

(COAD) and rectal adenocarcinoma (READ). (A) SLC39A10 expression in COAD; (B) promoter methylation 

in COAD; (C) SLC39A10 expression in READ; and (D) promoter methylation in READ. Asterisks indicate 

UALCAN-reported pairwise statistical significance: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 

(****). Only statistically significant pairwise comparisons are annotated; non-significant stage-to-stage 

comparisons are omitted for clarity. Sample sizes for each group are indicated below the corresponding 

boxplots.  

3.2.4. SLC7A11 

SLC7A11 was also upregulated with promoter hypomethylation in Stage I CRC. The 

expression differences were significant in COAD (p = 2.92 × 10⁻⁸) and READ (p = 3.06 × 

10⁻²), as were promoter methylation differences (COAD p < 1 × 10⁻¹²; READ p = 3.00 × 

10⁻⁴). Similarly, increased SLC7A11 expression with promoter hypomethylation was 
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detectable at Stage I in both COAD and READ. SLC7A11 encodes xCT, a core component 

of system Xc⁻ that supports cystine uptake, glutathione synthesis and resistance to oxidative 

stress. The gene has been included in a published blood-based multigene CRC signature and 

is closely linked to ferroptosis and therapy resistance [19,20]. A separate study showed that 

curdione can suppress SLC7A11 through m6A-dependent post-transcriptional regulation, 

further supporting its biological relevance, although this mechanism is distinct from promoter 

DNA methylation [21]. The stage-stratified expression and promoter-methylation patterns are 

shown in Figure 5. 

 

Figure 5. Stage-stratified SLC7A11 expression and promoter methylation in TCGA colon adenocarcinoma 

(COAD) and rectal adenocarcinoma (READ). (A) SLC7A11 expression in COAD; (B) promoter methylation 

in COAD; (C) SLC7A11 expression in READ; and (D) promoter methylation in READ. Asterisks indicate 

UALCAN-reported pairwise statistical significance: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 

(****). Only statistically significant pairwise comparisons are annotated; non-significant stage-to-stage 

comparisons are omitted for clarity. Sample sizes for each group are indicated below the corresponding 

boxplots. 

Collectively, the four prioritized genes showed distinct but biologically plausible 

methylation–expression patterns, with varying levels of supporting mechanistic and 

diagnostic evidence. A comparative summary of their molecular profiles and rationale for 

prioritization is presented in Table 3. 
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Table 3. Integrated molecular and biological interpretation of the four prioritized SLC candidate biomarkers. 

Gene Stage I molecular pattern Supporting evidence Priority interpretation 

SLC5A7 Downregulated; promoter 

hypermethylated 

CRC tumour-suppressive role; 

p53 stabilization; targeted 

demethylation restored 

expression 

Strong mechanistic candidate 

SLC7A5 Upregulated; promoter 

hypomethylated 

CRC tissue/serum 

overexpression; reported high 

diagnostic AUC; mTORC1-

linked metabolism 

Strong diagnostic/biological 

candidate 

SLC39A10 Upregulated; promoter 

hypomethylated 

Reported AUC 0.987; zinc 

transport; exosome-related CRC 

network and metastasis biology 

Promising, but methylation 

mechanism requires validation 

SLC7A11 Upregulated; promoter 

hypomethylated 

Blood-based CRC signature; 

ferroptosis and oxidative-stress 

regulation; therapy resistance 

Promising non-

invasive/functional candidate 

 

4. Discussion 

This study used a sequential, biology-informed filtering strategy to reduce a broad set 

of differentially methylated SLC genes to a focused panel of early-stage CRC candidates. 

From 336 SLC genes identified in a prior colorectal methylome analysis, 28 were taken 

forward after cross-referencing UALCAN expression and promoter-methylation outputs. Of 

these, 15 retained a canonical inverse relationship in Stage I disease. Four genes, which are 

SLC5A7, SLC7A5, SLC39A10 and SLC7A11, were prioritized after integrating cross-dataset 

consistency with published CRC evidence. SLC transporters are biologically relevant 

because they can influence metabolic exchange, adaptive responses and tumour-

microenvironment interactions [20]. Importantly, the present study extends our previous CRC 

methylome analyses rather than simply reproducing differential methylation findings. 

Baharudin et al. established the genome-wide CRC methylation landscape, while Zabidi et 

al. subsequently characterized differential methylation within the SLC gene family [11,12]. The 

current analysis adds a distinct layer by integrating these methylation findings with stage-

stratified TCGA expression and promoter methylation data and by applying a restrictive 

inverse methylation–expression filter in Stage I disease. This sequential strategy narrowed 

336 differentially methylated SLC genes to four biologically supported candidates for further 

early-stage validation. 
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The canonical inverse relationship is especially relevant because promoter 

methylation can directly influence transcriptional accessibility. Nevertheless, methylation–

expression relationships in cancer are not universally inverse. Gene-body methylation, distal 

regulatory regions, chromatin state, transcription-factor activity and copy-number alterations 

can modify the direction or magnitude of transcriptional effects [4,12]. Accordingly, the 13 

genes removed at the canonical-filtering step should not be interpreted as unimportant to 

CRC. Rather, they were outside the deliberately restrictive prioritization framework used 

here. 

An important feature of the four prioritized genes is that their coordinated 

methylation–expression alterations were already detectable in Stage I CRC in both TCGA 

COAD and READ. This is particularly relevant for biomarker development because 

molecular alterations that are present at the earliest clinically defined stage may have greater 

potential for early detection than changes that emerge only in advanced disease. Previous 

studies and systematic reviews have shown that aberrant DNA methylation can be detected 

in early-stage CRC and that methylation-based markers in tissue, stool and circulating DNA 

are promising candidates for non-invasive screening and early detection, although sensitivity 

in early-stage disease remains a key challenge [21–24]. In the present analysis, SLC5A7 showed 

reduced expression with promoter hypermethylation, whereas SLC7A5, SLC39A10, and 

SLC7A11 showed increased expression with promoter hypomethylation at Stage I in both 

anatomical datasets. The consistency of these patterns across colon and rectal 

adenocarcinoma strengthens their biological plausibility and suggests that they may reflect 

early CRC-associated epigenetic dysregulation rather than changes restricted to a single 

tumour location. Although the current study does not establish diagnostic performance or 

Stage I specificity, the presence of these alterations at Stage I supports their prioritization for 

validation in early-stage tissue cohorts and, ultimately, in minimally invasive biospecimens 

such as circulating DNA or blood-based assays. 

Among the four candidates, SLC5A7 has the clearest direct mechanistic connection 

between promoter methylation and tumour-suppressive function. The observed Stage I 

hypermethylation and reduced expression in both COAD and READ are consistent with 

experimental work showing that restoration of SLC5A7 can inhibit CRC growth through p53 

stabilization [25]. This concordance across epigenetic, transcriptional and functional levels 

strongly justifies targeted validation of SLC5A7 methylation in independent early-stage 

tissues and, ultimately, circulating DNA. A clinically useful assay would need to establish 

whether the methylation difference is sufficiently large, technically reproducible and specific 

to CRC or colorectal neoplasia. 
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SLC7A5, SLC39A10 and SLC7A11 showed the opposite pattern: promoter 

hypomethylation with increased expression. This direction is biologically compatible with 

the metabolic demands of malignant cells. SLC7A5 supports amino-acid uptake and 

mTORC1-linked growth, while SLC7A11 supports cystine uptake and redox defence [26–30]. 

Their upregulation may therefore provide a selective advantage even at early stages. In 

colorectal and gastric cancers, SLC39A10 functions as a key zinc importer and exosomal 

network hub that drives cell migration, proliferation, and tumor microenvironment 

remodeling (including M2 macrophage polarization) through activation of downstream 

signaling pathways such as MAPK/ERK and PI3K/AKT [31,32]. The consistency of these 

trends in both colon and rectal TCGA datasets strengthens their candidacy, although it does 

not establish that promoter methylation is the sole driver of altered expression. In contrast to 

SLC5A7, direct experimental evidence demonstrating that promoter methylation regulates 

SLC7A5, SLC39A10 or SLC7A11 expression in CRC remains limited. Their inverse 

methylation–expression patterns in the present analysis should therefore be interpreted as 

associations rather than evidence of direct epigenetic causality. Other regulatory 

mechanisms, including methylation outside promoter regions, transcription-factor activity, 

chromatin state, copy-number alterations and post-transcriptional regulation, may also 

contribute. For example, SLC7A5 expression can be influenced through 

LINC00857/YTHDC1-mediated transcript stabilization, while SLC7A11 is also subject to 

m6A-dependent post-transcriptional regulation [28–30].  

The present results also illustrate why literature-supported prioritization requires 

cautious interpretation. Published diagnostic AUC values for SLC7A5 and SLC39A10 were 

generated in external studies using different molecular analytes, study populations and 

analytical designs [27,31]. For SLC7A5, the reported diagnostic performance was based on 

serum and tissue measurements rather than promoter methylation, while the SLC39A10 AUC 

was derived from a bioinformatic tumour-versus-normal expression analysis. These findings 

therefore support biological and diagnostic interest in the respective genes but do not validate 

their methylation status or the combined four-gene prioritization reported here. Similarly, 

inclusion of SLC7A11 in a blood-based multigene signature suggests potential for non-

invasive detection but does not demonstrate that its promoter methylation is detectable or 

discriminatory in plasma [29]. The appropriate next step is therefore prospective molecular 

validation rather than immediate diagnostic translation. 

The remaining canonical genes may still have biological value. SLC11A2 has been 

linked to iron uptake, Notch-related cell fate and JAK–STAT3 signalling in CRC [33,34]. 

SLC35B1 has been reported within prognostic transporter analyses [35]. SLC2A4 has also been 
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associated with CRC clinical characteristics and hypoxia-related prognostic models [36]. 

However, the study identified weaker or less direct evidence for promoter methylation, Stage 

I specificity or diagnostic application for these genes. The four-gene prioritization therefore 

reflects the convergence of early-stage molecular changes and supporting evidence, not a 

claim that the other 11 genes are biologically irrelevant. 

Several limitations should be considered. First, the analysis focused on promoter 

methylation and did not evaluate gene-body, enhancer or other non-promoter CpG regions. 

Second, the UALCAN step relied on portal-level group comparisons rather than reanalysis 

of individual-level TCGA data. Consequently, we were unable to adjust for potential 

covariates such as age, sex, molecular subtype or other clinical characteristics, and study-

specific effect sizes, multivariable models, ROC analyses and combined classifier 

performance could not be calculated. Third, tumour purity and cellular composition were not 

adjusted in the portal-based analysis. Because bulk tumour specimens contain variable 

proportions of malignant epithelial, stromal, immune and other cell populations, some of the 

observed expression or methylation differences may partly reflect cellular admixture rather 

than tumour-cell-intrinsic regulation [37]. Fourth, the discovery methylome and TCGA 

analyses were derived from different cohorts. Although cross-cohort concordance 

strengthens candidate prioritization, differences in population background, tissue 

composition, sample processing and analytical workflow may introduce heterogeneity and 

limit direct comparability. The Malaysian discovery cohort may also differ from the 

population composition represented in TCGA, supporting the need for validation in 

Malaysian and broader Southeast Asian populations. Fifth, the candidate-ranking literature 

review was qualitative rather than systematic and may therefore be affected by publication 

and selection bias, particularly because well-studied genes are more likely to have supporting 

evidence than less-characterized candidates. Finally, no independent tissue cohort, functional 

experiment or liquid-biopsy assay was performed. These limitations mean that the findings 

should be interpreted as a hypothesis-generating prioritization framework rather than 

evidence of established diagnostic performance. 

Future work should validate the four candidates in an independent cohort enriched 

for Stage I CRC, together with non-neoplastic controls and representation of later disease 

stages to determine whether the observed alterations are specific to early disease or remain 

present across progression. Targeted promoter methylation should first be confirmed using 

an orthogonal quantitative method such as bisulfite pyrosequencing or methylation-specific 

quantitative PCR, alongside RT-qPCR assessment of gene expression. Subsequent studies 

should extend the analysis to gene-body and enhancer methylation and integrate 
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transcriptomic, proteomic and metabolomic data. Functional experiments in appropriate in 

vitro and in vivo models will be required to determine whether the observed methylation–

expression relationships contribute directly to CRC biology. Validation in Malaysian and 

broader Southeast Asian cohorts would address population generalizability, while subsequent 

testing in plasma cell-free DNA or other minimally invasive biospecimens would directly 

assess early-detection potential. Because reliable effect-size estimates are not available from 

the portal-level analysis, effect sizes should first be established in an independent pilot cohort 

and then used for formal power and sample-size calculations in subsequent diagnostic 

validation studies. 

5. Conclusions 

This study extends previous SLC methylation analyses by integrating promoter 

methylation with stage-stratified gene expression, thereby narrowing a broad set of 

differentially methylated SLC genes to four prioritized candidates, SLC5A7, SLC7A5, 

SLC39A10, and SLC7A11, with coordinated molecular alterations detectable as early as Stage 

I CRC in both TCGA COAD and READ. The principal contribution of this work is the 

identification of a focused, biologically supported shortlist for further investigation rather 

than the establishment of a diagnostic biomarker panel. These findings are hypothesis-

generating and require validation in independent early-stage cohorts, together with functional 

studies and assessment in minimally invasive biospecimens, before their potential clinical 

utility can be determined. 
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