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Background: Specific biomarkers for the diagnosis, treatment, and prognostication of thyroid cancer (THCA), the most com-
mon tumor in the endocrine system, are still lacking. CYP26A1 is overexpressed in some cancers and exerts pro-tumor effects.
However, its role in THCA development has not been established. Therefore, this study aims to comprehensively investigate the
potential role of CYP26A1 in THCA tumorigenesis and immune infiltration, as well as its clinical prognostic value.

Methods: Data from 510 THCA patients with complete progression-free interval (PFI) and tumor staging information were
obtained from the Cancer Genome Atlas. Differentially expressed genes associated with high/low CYP26A1 expression were
identified and evaluated by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis,
gene set enrichment analysis (GSEA), protein—protein interaction network construction, and miRNA-mRNA interaction network
construction. Single-sample GSEA (ssGSEA) was performed to evaluate correlations between CYP26A41 expression and immune
cell infiltration. Associations between clinical pathological characteristics and the expression of CYP26A41 were analyzed. Finally,
the correlations between CYP26A1 and the hub gene expression were evaluated, along with their relationships with sensitivity to
chemotherapeutic drugs and small-molecule compounds.

Results: CYP26A1 expression was higher in THCA than in paired para-cancerous tissues (p < 0.001). Genes associated with high
CYP26A1 expression in THCA were enriched in pathways related to the endoplasmic reticulum lumen, P53 signaling, cytokine
receptor binding, and apoptosis signaling. CYP26A1 expression was positively correlated with the abundance of various immune
cells (T cells, B cells, CD8 T cells, cytotoxic cells, neutrophils, and Th1 cells). High CYP26A1 expression was related to the PFI,
T stage, cervical lymph node metastasis, and extra-glandular invasion (p < 0.05).

Conclusion: High CYP26A1 expression is associated with THCA development and has prognostic value, suggesting its potential

as a therapeutic target.
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Introduction

Thyroid cancer (THCA), a common malignant tumor
of the head and neck, constitutes 1%—2% of all human can-
cers, with incidence increasing annually [1]. THCA en-
compasses several histological types and subtypes present-
ing different cellular origins, characteristics and prognoses
[2]; among these, the most common differentiated type is
papillary thyroid carcinoma, followed by follicular thyroid
carcinoma [3]. THCA is regarded as a low-grade cancer,
with a recurrence rate of up to 30% and an early regional
lymph node metastasis rate of 15% to 80% [4]. For patients
with THCA, tumor capsule invasion and extra-glandular
involvement, together with vascular invasion and distant
metastasis, are strongly correlated with an unfavorable clin-
ical prognosis [5]. Therefore, identifying the underlying
biomarkers and pathological mechanisms of THCA, along
with developing methods for the early and effective diagno-

sis and treatment, is crucial for early detection, tumor stag-
ing, prognosis evaluation, and drug development.

At present, the precise diagnosis of THCA remains a
clinical challenge; however, many studies have found that
abnormally expressed molecular biomarkers can be lever-
aged to aid diagnosis and inform treatment strategies. Al-
though BRAF V600E [6] has been suggested to contribute
to the diagnosis and risk assessment of THCA, its applica-
tion is limited by a high false-negative rate. There is also
growing evidence that long noncoding RNAs [7,8] are im-
plicated in the occurrence and development of THCA via
regulating related pathways or axes. In addition, miRNAs
[9,10] participate in the occurrence, development, prolif-
eration, invasion, and glycolysis of papillary thyroid car-
cinoma, and can serve as biomarkers to facilitate diagno-
sis, monitor recurrence, and determine prognosis. Owing
to the widespread use of chip technology, a number of
biomarkers for THCA diagnosis and prognosis have been
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reported, such as SEZ6L2 [11], ANGPTLI [12], LRRK2
[13], and ANXA10 [14]. Historically, CYP26A1 was first
cloned in zebrafish [15] and mainly functions in the regula-
tion of retinoic acid (RA) levels in the human body. RA is a
derivative of vitamin A, which is an indispensable factor for
normal development and is essential in immune function,
cell proliferation, differentiation, maturation, and apopto-
sis. Early research has established a plausible link between
vitamin A deficiency and cancer [16]. Subsequently, in-
creasing evidence has revealed that RA metabolic activity
and CYP26A1 levels are elevated in a variety of cancer types
[17,18]. CYP26A1 overexpression has also been observed
in several cancers (breast cancer [19], cervical cancer, and
pancreatic cancer [20]). However, the role and mechanism
of CYP26A1 in THCA remain unclear.

In this study, we probed into the relationship between
CYP26A41 and THCA. Using RNA-sequencing (RNA-seq)
and clinical data for THCA retrieved from the Cancer
Genome Atlas (TCGA) database, we explored the potential
significance of CYP26A41 in THCA occurrence and progno-
sis. Then, we observed CYP26A1 overexpression in THCA
and investigated its potential functions. Moreover, correla-
tion analyses of CYP26A4 1 levels with several clinical patho-
logical features and prognosis were conducted. Molecular
interaction network analysis and immune infiltration cor-
relation analysis were performed to validate the biological
significance of CYP2641. Generally, our results demon-
strated that CYP26A1 is involved in the mechanisms under-
lying THCA and acts as a candidate diagnostic and prog-
nostic biomarker.

Materials and Methods

Data Acquisition and Correlation Analysis

The sequencing count data from 510 THCA patients’
tissues and 58 partially matched para-cancer tissues were
downloaded from TCGA (https://portal.gdc.cancer.gov/)
[21], and clinical data were obtained from the UCSC Xena
(http://genome.ucsc.edu) website [22]. By integrating clini-
cal and sequencing data, 510 THCA samples with complete
progression-free interval (PFI) data and tumor stage infor-
mation were included. To enable comparisons among sam-
ples, RNA-sequencing data were normalized to the frag-
ments per kilobase per million (FPKM) format. According
to the human genome annotation data, the genes were clas-
sified into protein-coding genes and long noncoding RNAs,
and analyses were focused on protein-coding genes. In ad-
dition, FPKM datasets from TCGA and GTEx [23] were
processed using the Toil pipeline via the UCSC-Xena plat-
form to obtain the expression profiles of 33 TCGA cancer
types and 31 GTEx normal tissues. This combined dataset
was subsequently used for a pan-cancer gene expression
analysis.

Differential Gene Expression and Functional
Enrichment Analyses

Samples were divided into a low-expression group
and a high-expression group using the median level of
CYP26A1 in THCA as a threshold. DESeq2 was used for
a differential analysis of count data for THCA, and genes
with [log2(FC)| >1 and p.adj < 0.05 were identified as dif-
ferentially expressed genes (DEGs).

Functional enrichment was performed across three
categories: biological process, molecular function, and cel-
lular component using Gene Ontology (GO) [24]. GO and
KEGG pathway enrichment analyses of DEGs were carried
out using the clusterProfiler R package [25]. A cutoff value
of false discovery rate (FDR) <0.05 indicated significance,
and the entry screening criteria were p.adj value < 0.05 and
g.value < 0.05. Corrected p-values were obtained using the
Benjamini—-Hochberg method [26].

A Gene Set Enrichment Analysis (GSEA) was per-
formed to assess enrichment for a predefined set of genes
related to a phenotype using the clusterProfiler package
[27]. The parameters used in the GSEA were as fol-
lows: starting seed: 2020, number of calculations: 1000,
and gene set size filter: >10 genes. The gene number
was 500, and corrected p-values were obtained using the
Benjamini—-Hochberg method. The reference gene set was
h.all.v7.1.symbols file, and the screening criteria for signif-
icant enrichment were p < 0.05, with FDR <0.20.

Protein—Protein Interaction Network Construction

The STRING database [28] included information on
2031 species, 9.6 million proteins, and 1.38 million protein-
protein interactions (PPIs), integrating data from experi-
mental studies, text-mined results for PubMed abstracts,
other databases, and bioinformatics predictions. PPI net-
works for DEGs were constructed utilizing the STRING
database. Results were visualized using Cytoscape (version
3.10.4, Cytoscape Consortium, Seattle, WA, USA) [29].
The CytoHubba plugin [30] was applied to analyze hub
genes in the PPI network and to obtain the maximum cor-
relation criterion (MCC) values for each node, ultimately
highlighting the top 14 key genes.

Hub-miRNA Network Construction

Interactions between miRNAs and target genes were
evaluated.

The miRTarBase database [31] included more than
8500 microRNA-mRNA targeting relationships (MTI,
MicroRNA-Target Interactions) with supporting experi-
mental evidence. However, with the addition of the
newly released CLIP-seq dataset, the MTI collection in
the new miRTarBase exceeds 500,000. By improving nat-
ural language processing technology, more target pairs,
network functions, and annotation information were col-
lected. In this study, the predicted miRNAs that bind to
the hub genes were identified using the miRTarBase 2020
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Table 1. Characteristics of THCA patients in the TCGA datasets.

Characteristic Low expression of CYP2641  High expression of CYP26A41 x3/Z p

n 255 255

T stage, n (%) 19.433  <0.001
T1 69 (27.1%) 74 (29.2%)
T2 102 (40.0%) 65 (25.7%)
T3 80 (31.4%) 95 (37.5%)
T4 4 (1.6%) 19 (7.5%)

N stage, n (%) 3.827 0.050
NO 121 (54.5%) 108 (45.4%)
N1 101 (45.5%) 130 (54.6%)

M stage, n (%) 0.091 0.763
MO 128 (96.2%) 158 (97.5%)
M1 5(3.8%) 4 (2.5%)

Pathologic stage, n (%) 22.632  <0.001
Stage I 154 (60.4%) 132 (52.2%)
Stage 11 37 (14.5%) 15 (5.9%)
Stage 111 46 (18.0%) 67 (26.5%)
Stage IV 18 (7.1%) 39 (15.4%)

Gender, n (%) 0.089 0.765
Female 184 (72.2%) 187 (73.3%)
Male 71 (27.8%) 68 (26.7%)

Extrathyroidal extension, n (%) 16.180  <0.001
No 189 (77.1%) 149 (60.3%)
Yes 56 (22.9%) 98 (39.7%)

Race, n (%) 0.793 0.673
Asian 21 (10.9%) 30 (13.6%)
Black or African American 12 (6.2%) 15 (6.8%)
White 160 (82.9%) 176 (79.6%)

Age, median (IQR) 45 (34, 58) 49 (36, 58.5) -1.674 0.094

THCA, thyroid cancer; TCGA, the Cancer Genome Atlas; IQR, interquartile range. Some categories have missing

clinical data; only cases with complete data were included in the final analysis.

(https://mirtarbase.cuhk.edu.cn/) database. The Starbase
database (https://rna.sysu.edu.cn/encori/index.php) [32] in-
cluded mRNA targets based on experimental data, includ-
ing high-throughput CLIP-Seq, providing various inter-
faces for analyses. The database comprised rich miRNA-
ncRNA, miRNA-mRNA, RBP-RNA, and RNA-RNA data.

Analysis of Clinical Features

The influence of CYP26A1 gene expression and clin-
ical pathological characteristics on patient prognosis was
evaluated, especially relationships between CYP26A1 ex-
pression and various clinicopathological characteristics by
logistic regression, and between CYP26A1 expression and
PFI by Cox proportional hazards regression.

Assessment of the Tumor Microenvironment

Quantification of the relative abundance of each im-
mune cell was achieved by a single-sample gene-set en-
richment analysis (ssGSEA). Markers for each infiltrating
immune cell type (e.g., activated dendritic cells, activated
CD8 T cells, natural killer T cells, macrophages, and regu-

latory T cells) were evaluated, with the relative abundance
represented by enrichment scores calculated from the ss-
GSEA [33]. The relationships between immune cells and
hub gene expression levels were visualized using the gg-
plot2 package.

Drug Sensitivity Analysis

mRNA expression profiles and drug activity data for
CYP26A1 were acquired from the CellMiner database (ht
tps://discover.nci.nih.gov/cellminer/) [34]. Data on drug
responses for 22,379 genes, 360 microRNAs, and 20,503
compounds were available on the CellMiner website. Cor-
relations between CYP26A1 gene expression and com-
pound sensitivity were evaluated by a Pearson correlation
analysis. p < 0.05 indicated a statistically significant rela-
tionship. The database was utilized to visualize interactions
between hub genes and small-molecule drugs.

Statistical Analysis

All statistical analyses were implemented using the R
software (Version 4.0.5, R Foundation for Statistical Com-
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Fig. 1. CYP26A1 expression was higher in THCA tissues and pan-carcinoma tissues than in control tissues. (A) CYP26A41 ex-

pression in paired THCA and para-cancer tissues. (B) CYP26A41 expression in unpaired THCA and para-cancer tissues. (C) Analysis of

unpaired pan-carcinoma CYP26A41. (D) ROC curve of CYP26A1 for distinguishing THCA tissues from para-cancer tissues. **p < 0.01,

***p < 0.001, ns, not significant. THCA, thyroid cancer; ROC, receiver operating characteristic.

puting, Vienna, Austria). Correlations were evaluated using
Spearman’s rank correlation coefficients. Continuous vari-
ables were presented as median (interquartile range, IQR).
For group comparisons, we applied the Wilcoxon rank sum
tests or the Wilcoxon signed rank tests for two groups and
the Kruskal-Wallis test for three or more groups. PFI was
compared using a Kaplan—Meier analysis and log-rank test.
Unless otherwise stated, a p < 0.05 was the threshold for
statistical significance.

Results

CYP26A1 Was Highly Expressed in THCA Tissues

In total, 510 THCA patients with complete PFI data
and tumor staging information were analyzed (Table 1).
A Wilcoxon signed rank test data showed that CYP26A41
level was higher in THCA tissues than in paired para-
cancer tissues (p < 0.001) (Fig. 1A). A comparison of un-
paired THCA tissues and para-cancerous tissues using the
Mann—Whitney U test (Wilcoxon rank sum test) revealed
CYP26A1 expression was higher in tumors than in adja-
cent normal tissues (p < 0.001) (Fig. 1B). In a pan-cancer
analysis, CYP26A1 expression was elevated in most malig-
nant tumors (Fig. 1C). Therefore, CYP26A1 has predictive
value in distinguishing between THCA Tumor and Normal
groups (AUC = 0.734, 95% CI = 0.679-0.789) (Fig. 1D).

Differential Expression and Functional Enrichment
Analyses of CYP26A1

To unravel the possible mechanisms of CYP26A41, its
biological characteristics, and related pathways in THCA,
a low-expression group (0%—-50%) and a high-expression
group (50%—-100%) were established according to the
CYP26A1 level in THCA. Using DESeq?2 and threshold val-
ues of |loga(FC)| >1 and p.adj < 0.05, 794 DEGs were
identified. At this threshold, there were 685 highly ex-
pressed genes (positive logFC) and 109 lowly expressed
genes (negative logFC) in the high group, as visualized us-
ing a volcano map (Fig. 2A).

We performed functional enrichment analysis on the
DEGs using the GO and KEGG databases (Fig. 2 and Ta-
bles 2,3). A pathway enrichment analysis revealed that
DEGs participated in type I diabetes mellitus, intestinal
immune network for IgA production, hematopoietic cell
lineage, viral protein interaction with cytokine and cy-
tokine receptor, cytokine-cytokine receptor interaction, and
other KEGG pathways (Fig. 2B,C and Table 3). We also
detected enrichment for cell matrix components (colla-
gen trimer, endoplasmic reticulum lumen, external side of
plasma membrane, and collagen-containing extracellular
matrix) (Fig. 2D,E), as well as molecular functions (ex-
tracellular matrix structural constituent, cytokine activity,
chemokine activity, cytokine receptor binging, and recep-
tor ligand activity) (Fig. 2D,E) (Table 2).
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Fig. 2. Single gene difference analysis and functional enrichment analysis of CYP26A41. (A) Volcano map of differential mRNA
analysis associated with CYP26A1 (x-coordinate = loge FoldChange, y-coordinate = —logio (Adjust p-value), red nodes = up-regulated
differentially expressed genes (DEGs), blue nodes = down-regulated DEGs, and black nodes = genes insignificantly differentially ex-
pressed). (B) KEGG pathway enrichment analysis (x-coordinate = gene ratio, y-coordinate = pathway name, node size = the number
of genes in the pathway, and node color = —logio (p-value)). (C) The first ten items of KEGG analysis (node colors = gene expression
levels, red = up-regulated genes, and blue = down-regulated genes; quadrilateral color representing Z-score of GO terms, blue = negative
Z-score more likely inhibited in the corresponding pathway; red = positive Z-score more likely activated in the corresponding pathway).
(D) Chord plot showing the GO terms (node colors = gene expression levels, red = up-regulated genes, and blue = down-regulated genes;
the quadrilateral color representing the Z-score of GO terms, blue = negative Z-score more likely suppressed in corresponding GO terms,
and red = positive Z-score more likely activated in corresponding GO terms). (E) Enrichment analysis of GO function (x-coordinate =
Gene ratio, y-coordinate = —log(p. adjust); color of the bar chart representing GO terms (red: activation; blue: suppression). KEGG,

Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology.

To confirm the functions of DEGs associated with PPl and Gene-miRNA Regulatory Network
CYP26A1 gene expression differences in THCA, a GSEA Construction
was performed. Fig. 3A shows an overview of the top 5
most significantly upregulated pathways. Among all sig-
nificantly enriched pathways, we further focused on those
most relevant to THCA tumorigenesis and progression, in-
cluding the KRAS, P53 and apoptotic signaling pathways
(Fig. 3A-E and Table 4).

Interactions among proteins encoded by DEGs were
assessed with STRING and visualized using a PPI network.
Cytoscape was used to evaluate the network, in which node
shapes and sizes were proportional to the extent of differ-
ences. In the network, genes in the treatment group were
color-coded: blue for downregulated and red for upregu-
lated (Fig. 4A). CytoHubba plug-in was used to identify
the first 20 hub genes based on the MCC, where a darker
color indicated a higher score, with the top 14 scores corre-
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Fig. 3. GSEA enrichment analysis of differential genes. (A) Five main biological characteristics analyzed using GSEA. (B-E) Indi-

vidual GSEA enrichment plots for pathways relevant to THCA tumorigenesis and progression, including KRAS signaling (B), TNFA
signaling via NFKB (C), apoptosis (D), and P53 signaling (E). GSEA, gene set enrichment analysis; KRAS, kirsten rat sarcoma viral
oncogene homolog; TNFA, tumor necrosis factor alpha; NFKB, nuclear factor kappa-light-chain-enhancer of activated B cells.

sponding to key genes (Fig. 4B). In addition, we obtained
significant co-expression of hub genes with CYP2641, as
visualized using a heat map (Fig. 4C).

An mRNA-miRNA network was plotted with DEGs,
containing 5 mRNAs and 557 miRNAs (Fig. 5). COL142
was regulated by 145 miRNAs, COL1A41 was regulated by
273 miRNAs, VCAN by miRNA, CDHII by 43 miRNAs,
and LUM by 68 miRNAs (Fig. 5).

Immune Invasion Analysis

To evaluate relationships between CYP26A41 expres-
sion and the degree of immune cell invasion, we employed
a ssGSEA. Each type of invading immune cell was la-
beled, and clear differences in the abundance of most in-
vading immune cells were detected between the two sets
(Fig. 6A). In addition, CYP26A1 expression was positively
correlated to the abundance of various immune cells (T
cells, B cells, CD8 T cells, cytotoxic cells, neutrophils, and
Thl cells) (Fig. 6B—QG). These results suggest the interplay
of CYP26A1 and immune cell infiltration in THCA devel-
opment and progression.

High CYP26A1 Expression Was Pertinent to the
Pathological Features of Invasive Tumors

Influences of CYP26A1 gene expressions on clinical
pathological characteristics were clarified to determine its
prognostic value. Analysis based on the PFI revealed that
higher CYP26A1 levels in THCA tissues were significantly
associated with a poorer prognosis (Fig. 7A). In terms of T
staging in THCA, high CYP26A41 expression was related to
a worse stage; for example, gene expression levels were re-
markably higher in patients at T4 than in those at T1, T2
and T3, and also higher in T3 than in T2 (Fig. 7B, p <
0.05). We also found higher CYP26A41 expression levels in
patients with lymph metastasis (N1 stage), extrinsic thyroid
invasion, or R1 resection (Fig. 7C-F, p < 0.01). In addition,
a logistic regression analysis of relationships between clin-
icopathological characteristics and CYP26A41 gene expres-
sion (classified as high or low) showed that the extrathy-
roidal extension and T staging were correlated with high
CYP26A1 gene expression (p < 0.01) (Table 5).
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Table 2. GO enrichment analysis.

ONTOLOGY ID Description GeneRatio BgRatio p value p-adjust g.value

BP G0:0030198 extracellular matrix organization 76/989  368/18,670 3.78 x 10725 1.90 x 1021 1.45 x 102!
BP G0:0043062  extracellular structure organization 81/989  422/18,670 1.58 x 1024 3.96 x 1072 3.02 x 102!
BP G0:0030098 lymphocyte differentiation 64/989  353/18,670 2.86 x 10718 4.79 x 10715 3.65 x 10715
BP G0:0060326 cell chemotaxis 58/989  304/18,670 9.80 x 10718 1.23 x 10714 9.39 x 10715
BP G0:0042110 T cell activation 73/989  464/18,670 4.09 x 10717 4.10 x 10714 3.13 x 10714
CcC G0:0062023 collagen-containing extracellular matrix ~ 84/1031  406/19,717 4.14 x 1028 1.90 x 10725 1.53 x 10°2°
CC GO:0005581 collagen trimer 30/1031  87/19,717 2.63 x 10717 6.03 x 10715 4.87 x 10715
CcC GO:0009897 external side of plasma membrane 64/1031 393/19,717 3.95 x 10716 6.04 x 1071* 4.87 x 10714
CcC G0:0005788 endoplasmic reticulum lumen 46/1031 309/19,717 137 x 10710 1.57 x 108 127 x 1078
CC G0:0042613 MHC class II protein complex 9/1031 16/19,717 232 x 108 212x10% 1.71 x 106
MF G0:0048018 receptor ligand activity 93/974  482/17,697 4.83 x 10727 3.72 x 102% 3.13 x 10724
MF GO0:0005125 cytokine activity 54/974  220/17,697 4.18 x 1021 1.61 x 10718 1.36 x 1018
MF G0:0005201 extracellular matrix structural constituent ~ 44/974  163/17,697 3.78 x 10719 9.72 x 10717 8.17 x 10717
MF G0:0005126 cytokine receptor binding 55/974  286/17,697 2.45 x 10716 473 x 10714 3.98 x 10714
MF G0O:0008009 chemokine activity 21/974  49/17,697 2.60 x 10714 4.00 x 10712 3.37 x 10712

GO, Gene Ontology; BP, biological process; CC, cellular component; MF, molecular function; MHC, major histocompatibility complex.

Table 3. KEGG enrichment analysis.

ONTOLOGY 1D Description GeneRatio BgRatio p value p-adjust q.value
KEGG hsa04060 Cytokine-cytokine receptor 70/495  295/8076 4.35 x 102* 121 x 1021 9.80 x 10722
interaction
KEGG hsa04061  Viral protein interaction with 36/495  100/8076 3.30 x 10719 4.60 x 10717 3.71 x 10717
cytokine and cytokine receptor
KEGG hsa04640 Hematopoietic cell lineage 33/495 99/8076 1.54 x 10716 143 x 10°1* 1.15 x 1071
KEGG hsa04672  Intestinal immune network for 20/495 49/8076 2.06 x 10712 1.43 x 10710 1.16 x 10710
IgA production
KEGG hsa04940 Type I diabetes mellitus 18/495 43/8076 1.60 x 10711 7.48 x 10710 6.04 x 1010

KEGG, Kyoto Encyclopedia of Genes and Genomes.

Sensitivity of CYP26A1 and Hub Genes to
Chemotherapeutic Drugs and Small-Molecule
Compounds

We downloaded mRNA expression profiles and drug
activity data for CYP26A41 from the CellMiner database.
The correlations between CYP26A41 expression levels and
compound sensitivity were evaluated by Pearson correla-
tion coefficients, with p < 0.05 as the threshold for sig-
nificance. VCAN, COLIAI, COLIA2 and CYP26A1 ex-
pression levels were correlated with the sensitivity of most,
but not all, of the chemotherapeutic and small-molecule
compounds tested (Fig. 8A—P). Moreover, the relationships
between CYP26A1 expression, hub gene expression, and
sensitivity to small-molecule drugs were visualized using
CellMiner (Fig. 9A—P).

Discussion

Rapid advances in molecular biology have enabled the
discovery of assorted tumor-related diagnostic and thera-
peutic biomarkers. Given that various cancers involve the
abnormal expression of CYP26A41, including breast cancer
[19], colorectal cancer [35], skin cancer [36], bladder can-

cer [37], cervical cancer, and pancreatic cancer [20], we
hypothesized that CYP26A1 is a candidate oncogene. How-
ever, the association between CYP26A41 and THCA has not
yet been established. In our study, TCGA was used to ob-
tain high-throughput RNA-seq sequencing data for evaluat-
ing the prognostic value of CYP2641 in THCA. We found
that increased CYP26A1 expression in THCA was associ-
ated with poor clinical pathological features, such as PFI,
tumor stage, cervical lymph node metastasis, and extra-
glandular invasion. Thus, our results highlighted a role of
CYP26A1 in THCA and suggest its potential as a diagnostic
or prognostic biomarker.

CYP26A1 belongs to the cytochrome P450 superfam-
ily, containing eight exons [38]. In the adult, CYP26A1
is highly expressed in the liver and at lower levels in the
brain and testis, whereas CYP26B1 is predominantly ex-
pressed in brain tissue, with lower expression in other tis-
sues [39]. CYP26AI can inactivate RA, thereby limiting
the bioavailability of RA and disrupting the maintenance
of RA homeostasis [40]. RA, an active metabolite of vi-
tamin A, plays a critical role in the immune system, cell
proliferation and differentiation, and embryonic develop-
ment by activating nuclear receptors to initiate and regulate
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Table 4. GSEA analysis.

Description Set Size  Enrichment Score NES p value p-adjust

HALLMARK ALLOGRAFT REJECTION 200 0.77719775 2.19170502 0.00102775 0.00399042
HALLMARK INTERFERON GAMMA RESPONSE 200 0.75855372 2.13912869 0.00102775 0.00399042
HALLMARK INTERFERON ALPHA RESPONSE 97 0.75568375 2.03664417 0.00109649 0.00399042
HALLMARK_EPITHELIAL MESENCHYMAL TRANSITION 200 0.72869365 2.05492298 0.00102775 0.00399042
HALLMARK INFLAMMATORY RESPONSE 199 0.71673612 2.01781772 0.00102987 0.00399042
HALLMARK ANGIOGENESIS 36 0.70877688 1.7121326  0.00124224 0.00414079
HALLMARK IL6 JAK STAT3 SIGNALING 87 0.686675 1.82248689 0.00111732 0.00399042
HALLMARK TNFA SIGNALING VIA NFKB 200 0.64455048 1.81763847 0.00102775 0.00399042
HALLMARK KRAS SIGNALING UP 200 0.63883895 1.80153188 0.00102775 0.00399042
HALLMARK COMPLEMENT 200 0.60972744 1.71943715 0.00102775 0.00399042
HALLMARK COAGULATION 138 0.58850817 1.63021212 0.00105374 0.00399042
HALLMARK IL2 STAT5 SIGNALING 198 0.58824392 1.65727604 0.00102775 0.00399042
HALLMARK_MYOGENESIS 199 0.5728483 1.61273225 0.00102987 0.00399042
HALLMARK_ APOPTOSIS 161 0.56993311 1.59558475 0.00103627 0.00399042
HALLMARK APICAL JUNCTION 199 0.54745728 1.54124926 0.00102987 0.00399042
HALLMARK KRAS SIGNALING DN 199 0.51198979 1.44139809 0.0030896 0.00965499
HALLMARK P53 PATHWAY 199 0.48949213 1.37806071 0.00720906 0.02120313
HALLMARK UNFOLDED PROTEIN RESPONSE 112 —0.3678885 -1.36773  0.01408451 0.03912363

GSEA, gene set enrichment analysis; NES, normalized enrichment score.

Table 5. Logistics regression to identify clinical features associated with CYP26A41 expression.

Characteristic Total (N) Odds Ratio (OR) p value
T stage (T3&T4 vs. T1&T2) 508 1.670 (1.166-2.397) 0.005
N stage (N1 vs. NO) 460 1.442 (1.000-2.085) 0.051
M stage (M1 vs. M0) 295 0.648 (0.158-2.497) 0.524
Gender (Male vs. Female) 510 0.942 (0.638-1.392) 0.765
Age (>45 years vs. <45 years) 510 1.393 (0.983-1.976) 0.063
Extrathyroidal extension (Yes vs. No) 492 2.220 (1.504-3.300)  <0.001

gene expression [41], and functions in the formation and
maintenance of tissues. Interruption of the RA signaling
pathway is implicated in the etiology of many tumors [42],
including leukemia, skin cancer, head and neck neoplasms,
lung carcinoma, breast carcinoma, ovarian carcinoma, pro-
static carcinoma, and kidney cancer. The CYP26A41 gene
promoter contains an RA response element (RARE) and
serves as a suitable instrument to determine RAR-mediated
retinoid activity [43]. Upon activation, this promoter re-
cruits transcriptional machinery to the Sp1/Sp3 binding site,
thereby inducing CYP26A1 gene expression [44]. Although
the functional consequences of high CYP26A41 expression
and activity in carcinoma cells remain unclear, clinical ob-
servations suggested that CYP26A47-mediated catabolism
may be involved in the tumor-inhibiting effect of endoge-
nous RA and its therapeutic efficacy [45]. Our outcomes
indicated that CYP2641 was highly expressed in most tu-
mors. Given the regulatory mechanism linking CYP26A41
to RA, CYP26A41 was a potential diagnostic marker for var-
ious cancers CYP26A41 and may also serve as a biomarker
in THCA.

To identify the mechanism and effects of CYP26A1 in
THCA, we performed a differential expression analysis and

identified 685 upregulated genes and 109 downregulated
genes in the high CYP26A4 1 expression group. Furthermore,
GO and KEGG functional enrichment analyses of the DEGs
were performed. The most highly enriched KEGG path-
ways were type I diabetes mellitus, intestinal immune net-
work for IgA production, hematopoietic cell lineage, viral
protein interaction with cytokine and cytokine receptor, and
cytokine-cytokine receptor interaction. Enriched GO terms
included biological processes (e.g., cell chemotaxis, lym-
phocyte differentiation, extracellular matrix organization,
and extracellular structure organization), cellular compo-
nents (e.g., collagen trimer, endoplasmic reticulum lumen,
external side of plasma membrane, and collagen-containing
extracellular matrix), and molecular functions (e.g., extra-
cellular matrix structural constituent, cytokine activity, cy-
tokine receptor binding, and receptor ligand activity).

Cytokines are major regulators of the innate and adap-
tive immune systems, allowing short-range communication
within the immune system through autocrine and paracrine
signaling [46]. Extracellular matrix components can pro-
mote tumor progression and metastasis by regulating the
MAPK/ERK signaling pathway [47]. Dysregulation of
the cell cycle, particularly the mitotic phase, plays impor-
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tant roles in tumorigenesis and cancer progression [48].
In addition, oxidoreductase activity is vital in antioxidant
defense and could contribute to tumor suppression [49].
Herein, GSEA results showed that CYP26A1 was related
to genes in the KRAS, P53 and apoptotic signaling path-
ways, which were closely related to THCA. KRAS can
transmit stimulatory signals from upstream molecules into
cells, thereby regulating proliferation, differentiation, sur-
vival, apoptosis, and other biological activities. Mutations
in the KRAS gene can cause overexpression and contin-
uous activation of the KRAS protein, which in turn acti-
vates downstream signaling pathways. This activation pro-
motes uncontrollable proliferation, malignant transforma-
tion, and ultimately contributes to tissue carcinogenesis.
Accordingly, CYP26A1 affected multiple signaling path-

ways, CYP26A1 and induced oncogenes, including c-Myc
and epidermal growth factor receptor, thereby regulating
cell cycle and DNA repair; these results support the notion
that CYP26A 1 promotes cell survival via anti-apoptotic sig-
naling [50]. However, when RA catabolism is enhanced
and the RA level is deficient, apoptosis may be limited,
leading to the accumulation of DNA damage under vita-
min A deficiency [51]. We constructed a PPI network of
CYP26A1-related genes and an mRNA-miRNA network of
DEGs. The first 20 hub genes were obtained, including
genes involved in various signaling pathways and biolog-
ical processes, and their expression levels were all signifi-
cantly correlated with CYP26A41 levels. Therefore, we hy-
pothesized that CYP26A4 1 may be a key hub gene in THCA.
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= the abundance of immune cell infiltration). (B—G) Correlation analysis between CYP2641 and the vertical axis as the abundance of

immune cell infiltration. **p < 0.01, ***p < 0.001, ns, not significant.

The tumor microenvironment is instrumental in me-
diating tumor progression, with immune cells constituting
an integral component [52]. Epidemiological and clini-
cal information suggested that THCA involves spontaneous
antitumor immune responses and tumor immune escape

mechanisms [53]. To evaluate immune infiltration differ-
ences with respect to CYP26A41 expression, we employed
ssGSEA and found a correlation between CYP26A1 expres-
sion and the abundance of immune cells (T cells, B cells,
CDS8 T cells, cytotoxic cells, neutrophils, and Th1 cells).
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These immune cells play crucial roles in cancer control,
suggesting that CYP26A 1 participates in the occurrence and
development of THCA via alterations in immune cell in-
filtration. B cells are part of a core immune cell network
and have been linked to longer survival in THCA. Targeting
CDA4(+) T helper cells enhances the induction of a dendritic
cell antineoplastic reaction and improves clinical outcomes
[54]. Dendritic cells are typical antigen-presenting cells
that initiate anti-tumor immunity by cross-priming CD8+
cells [55]. In the ensuing immune response, neutrophils and
macrophages cooperate to protect against the tumor growth
[56]. In different cancers, neutrophils are associated with
a better prognosis [57]. CYP26A1 is associated with in-
creased cell survival, and its upregulation affects gene ex-
pression signatures in tumor cells, probably generating mul-
tiple concrete and powerful pro-survival signals, and con-
ferring a selective growth advantage. CYP26A1 can sup-
press tumor immunity, aid cancer cell escape from elimi-
nation, and promote tumorigenesis, and may influence the

immune microenvironment by regulating the activity of NK
cells [38]. CYP26A1 is also related to the infiltration of
inflammatory cells, including neutrophils and T lympho-
cytes, in skin diseases [40]. These results demonstrate the
relationship between CYP26A1 expression and the level of
immune cell infiltration, providing a reference for THCA
immunotherapy.

The clinical value of CYP26A1 in THCA has not been
established. Our results indicated that CYP26A41 had a pre-
dictive value for distinguishing between tumor tissues and
normal tissues (AUC of 0.734), showing that CYP26A41
was an effective biomarker. Furthermore, the PFI, T stage
(i.e., T3 and T4 stages), cervical lymph node metasta-
sis, and extra-glandular invasion were associated with high
CYP26A1 expression. We also conducted a sensitivity anal-
ysis and demonstrated that CYP2641 and hub gene ex-
pression levels were pertinent to chemotherapeutic drugs
and small-molecule compounds. The correlations between
genes and small drug molecules revealed that CYP26A1


https://www.discovmed.com/

1143

group BE low B3 high group BR low B high group BR low B3 high
2 . 3 . ) .
[ .
g 2 . l . . ‘-
£ g1 LY > ° -E 2 ¢ .- E o |*
° 8 sog Lo s s 1 .
[ E o =) I} . .
4 .o %0 20 5 1 . ' DO ol .
° 5 o Ts - o o S0 an
. .
8. : S :{- 8 | .. g oo 2.'
e 8 820 0 .| >
. =2 Sle
. * L1 -1 .
o’le -2 M -1 o
low high low high low high low high
The_expression_of VCAN The_expression_of _VCAN The_expression_of VCAN The_expression_of VCAN
E group B8 fow B3 high F group BE low B3 high G group BR high B3 low H group BE low B3 high
ns ns ns 3 had
4 J 2 B . _‘ o 3 . .°
o0 .
Q d
83 £ . = . g°
5 gl = 2 ] .
£ . k] 1 . ] T o, P
2 2 . S . g R . ° e
N > . = q = ° o
| o 10 * % =l 5 .
ol . - 5 5 | .
o1 g ° o = 30 e
o o . [T B 0 2 e
8 0 & 5 1 . '1 . o o .- o
= .
.
s 1 =9
4 . ale 2 ) -
low high low high high low low high
The_expression_of_COL1A2 The_expression_of_VCAN The_expression_of_COL1A1 The_expression_of_VCAN
| group B8 low B3 high J group BE low B3 high K group B3 low B3 high L group B3 low B3 high
ns g ns
4 . . l.- £ . . .
1 1 . . £
23 K] g ° £
c £ [ . - =3
5 . 5 8 o P
32 go ® s 5 .
Q < < 0 : c .
o ! ol * 2 . .
ot ol-1 ool o =1 « ° 5
3 0 D o
Q Q Q !
- -1 | *
2 g’ e
4 . 3] @ty
low high low high low high low high
The_expression_of_LUM The_expression_of_COL1A2 The_expression_of_COL1A2 The_expression_of_CYP26A1
M group B8 low B3 high N group BE low B3 high (9] group BR low B high P group B8 low B3 high
3 ns ol 9 2 = =
R
. 3 22
1 Q1 s
g’ . £ 3 8 1
3 5 5 2
“ . L 1y c
1 . a S &0
5 o 5 0 8 ©
o U | a -1 O, 1
n (=3 0
S0 ®e e 0o ° 2 5] “6:
. - ! .
-y -1 °-2 ° 32 . :
ol . 2 . Q
-1 . 3 . 3 .
low high low high low high low high

The_expression_of VCAN The_expression_of VCAN

The_expression_of VCAN The_expression_of VCAN

Fig. 8. CYP26A1 expression, Hub gene expression, and sensitivity analysis to chemotherapeutic drugs and small-molecule com-

pounds. (A—P) Drug sensitivity of CYP26A41 and its related genes (horizontal axis = the grouping of gene expression; vertical axis = the
IC50 value of the drug). *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant.

may be a potential therapeutic target for suppressing the
malignant potential of CYP26A4 I-overexpressing human tu-
mors [19].

In recent years, a study has also explored the roles of
other biomarkers (BRAF V600E and TERT promoter muta-
tions) in the diagnosis and prognosis of THCA [58]. Com-
pared with these established molecular markers, this study
systematically revealed, for the first time, the independent
prognostic value of CYP2641 in THCA and its associa-
tion with the immune microenvironment. The advantage of
CYP26A1 lies in its functional plasticity as a key enzyme in

RA metabolism, which may simultaneously reflect the in-
trinsic metabolic abnormalities and immune regulation im-
balances in tumor cells, providing a novel perspective for
understanding the progression of THCA. However, com-
pared with established biomarkers, the clinical validation of
CYP26A1 in THCA remains in its early stages. The stan-
dardization of its detection, tissue specificity, and the com-
bined application value with existing markers still need to
be clarified through subsequent large-sample studies.
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compounds. (A—P) Drug sensitivity of CYP26A41 and its related genes (horizontal axis = gene expression level; vertical axis = drug IC50

value).

Although this study revealed a significant relationship
between CYP26A1 and THCA, some limitations should be
noted. First, in vitro cell experiments and clinical sam-
ple validation were not performed to verify the role of
CYP26A1 in THCA cell behaviors and prognosis. There-
fore, its biological function and clinical value remain to be
further confirmed. Second, key clinical treatment-related
factors, including radioactive iodine therapy status, surgi-
cal approaches, and other adjuvant therapies, underwent no
correlation and prognostic analyses. Third, no independent

cohorts, such as GEO datasets, were included for external
validation. Thus, the differential expression and prognostic
value of CYP26A1 still require external verification. Other
key signaling pathways associated with cancers also require
further exploration. Finally, batch effects could not be fully
eliminated [59]; in the statistical analyses, we removed the
batch effects using the limma package’s in-built function,
which weakened these effects to a certain extent.
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Conclusion

In conclusion, high CYP26A1 expression is associated
with THCA occurrence and may have prognostic value,
suggesting its potential as a therapeutic target.
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