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Multi-omic analyses of m5C
readers reveal their characteristics
and immunotherapeutic
proficiency

Rui Xu3, Yue Wang?*“ & Ye Kuang ®*

5-methylcytosine (m5C) is a post-transcriptional RNA modification identified, m5C readers can
specifically identify and bind to m5C. ALYREF and YBX1 as members of m5C readers that have
garnered increasing attention in cancer research. However, comprehensive analysis of their molecular
functions across pancancer are lacking. Using the TCGA and GTEx databases, we investigated

the expression levels and prognostic values of ALYREF and YBX1. Additionally, we assessed the
tumor microenvironment, immune checkpoint-related genes, immunomodulators, Tumor Immune
Dysfunction and Exclusion (TIDE) score and drug resistance of ALYREF and YBX1. Gene Ontology
(GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and Gene Set Enrichment Analysis (GSEA)
analyses were performed to investigate the potential functions associated with m5C readers and
coexpressed genes. Aberrant expression of ALYREF and YBX1 was observed and positively associated
with prognosis in KIRP, LGG and LIHC. Furthermore, the expression levels of ALYREF and YBX1 were
significantly correlated with immune infiltration of the tumor microenvironment and immune-related
modulators. Last, our analysis revealed significant correlations between ALYREF, YBX1 and elFs. Our
study provides a substantial understanding of m5C readers and the intricate relationship between
ALYREF, YBX1, elFs, and mRNA dynamics. Through multidimensional analysis of immune infiltration
and drug sensitivity/resistance in ALYREF and YBX1, we propose a possibility for combined modality
therapy utilizing m5C readers.

In the untranslated regions (UTRs) of mRNA transcripts, a specific RNA methylation called m5C has been
identified. This modification is catalyzed by methyltransferases (writers), including NSUN1-NSUN6, TRDMT],
DNMT1, DNMT3A, and DNMT3B; dimethyltransferases (erasers), such as TET1, TET2, and TET3; and readers,
such as ALYREF and YBX1. These proteins play crucial roles in the translation and degradation processes of
downstream RNAs!~%. DNA methyltransferases (DNMTs) transfer the methyl group from S-adenosylmethionine
(SAM) to the 5-carbon position of cytosine to produce 5-methylcytosine. The 5-carbon position of cytosine in
RNA may also be modified by RNA methyltransferases by the addition of a methyl group. It is important to note
that there are other enzymes called "erasers" and "readers” that can specifically identify and bind to m5C. Col-
lectively, these three classes of enzymes regulate the levels and behavior of m5C in DNA and RNA®. The alteration
of RNA m5C has emerged as a primary focus in cancer research at the epigenetic level. Various types of m5C
readers play significant roles in cancer development by influencing processes such as cell division, migration,
invasion, and drug sensitivity®.

The Aly/REF nuclear export factor (ALYREF), also referred to as THOC4, is an mRNA export adaptor that is
a component of the transcription export complex (TREX)’. The most significant nuclear export factor, ALYREF,
is mostly located around the 5" end of mRNA in vivo in a manner that is reliant on CBP80. On the other hand,
ALYREF directly binds to PABPN1 and CstF64, which are recruited to mRNA nuclear output and 3’ process-
ing and are related to the prognosis of HCC patients. Chen Xue reported that ALYREF mediates RNA m5C
modification to promote hepatocellular carcinoma progression®'°. YBX1 was reported to be overexpressed in
a number of cancers, including liver cancer, breast cancer, and bladder urothelial cancer, and it may be a clini-
cal biomarker for prognosis*®!"'2, The RNA methyltransferase NSUN2 catalyzes 5-methylcytosine, which was
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specifically identified by ALYREF to control RNA metabolism, particularly mRNA export"’. ALYREF interacts
with the NEAT1 promoter region in BRCA to increase the overall transcriptional activity of NEAT1 by stabilizing
CPSF6'% Wang et al. showed that, in addition to indirectly activating PKM2 transcription, hypoxia-inducible
factor-la (HIF-1a) also activated ALYREFE, which then bound to PKM2 m5C sites in 3’-untranslated regions,
stabilized PKM2, and encouraged the growth of bladder cancer cells through PKM2-mediated glycolysis'*.
ALYREF improved the exosome secretion effect and increased the stability of YAP mRNA, which is beneficial
for future LUAD treatment. YAP m5C alteration takes place in the 328-331 3’ UTR where it is found".

YBXI1 functions as an RNA-binding protein and a transcription factor in the nucleus and cytoplasm, facili-
tating DNA transcription, replication, chromatin remodeling, pre-mRNA splicing, and translation initiation
through its variable N-terminal domain rich in alanine and proline (A/P domain)'®"". According to reports, YBX1
is overexpressed in several carcinomas, such as bladder, breast, renal cell, and prostate, and it has been hypothe-
sized that it serves as a clinical biomarker with a poor prognosis'®->. Recent studies have reported that YBX1, as a
m5C binding protein, plays a role in facilitating mRNA export and stabilization in bladder cancer by recognizing
m5C. Specifically, in urinary bladder cancer (UBC), YBX1 recognizes m5C-modified mRNAs through the indole
ring of W65 and maintains the stability of ELAVLI1, which was revealed by single-nucleotide resolution land-
scape analysis of messenger RNA m5C modifications and rigorous experimental investigations'*'®?%. Through
an mRNA 3’-UTR m5C-methylation site in HBGE YBX1 and NSUN2 work together to promote m5C-regulated
oncogene activation in UBC'®. Wang L, Zhang J, and others proved that YBX1, as a reader protein involved in
NSUN?2, mediated the stabilization of KRT13 and enhanced the level of KRT13. In cervical cancer, the NSUN2
m5C-KRT13-YBX1 oncogenic regulatory pathway encourages cell migration and invasion®.

Although ALYREF and YBX1 have been identified in the previously mentioned cancer types, m5C readers
have not been thoroughly investigated in the context of the complete cancer lineage. To enhance the understand-
ing of m5C readers in cancers, we utilized publicly available databases, specifically The Cancer Genome Atlas
(TCGA) and Genotype-Tissue Expression (GTEx) databases. These resources provide valuable insights into the
molecular mechanisms and clinical diagnosis of ALYREF and YBXI1, thus contributing to a more comprehensive
understanding of m5C readers in cancer biology. We carried out a systematic analysis of the expression and
prognosis in 33 different cancer types to understand the potential roles of m5C readers (ALYREF and YBX1)
and investigated the association between the expression of ALYREE, YBX1 and immune-related genes in several
cancers (including KIRP, LGG and LIHC). By thoroughly analyzing ALYREF and YBX1, we aim to provide a solid
basis for the identification of novel biomarkers for the early diagnosis of cancer and the prognosis of therapy.

Results

Expression and prognostic value of ALYREF and YBXz in different types of cancers

The overall workflow of this pan-cancer analysis of m5C readers was demonstrated in Supplementary Fig. S4. Ini-
tially, the expression levels of ALYREF and YBX1 were collected in 33 different types of cancers from the TCGA
and GTEx databases. The analysis revealed a statistically significant upregulation of ALYREF in 25 common
cancers (Fig. 1A), including BLCA, BRCA, CESC, COAD, DLBC, ESCA, GBM, HNSC, KIRC, KIRP, LGG, LIHC,
LUAD, LUSC, OV, PAAD, PRAD, READ, SKCM, STAD, TGCT, THCA, THYM, UCEC, and UCS. Conversely,
ALYREF was found to be underexpressed only in LAML. Additionally, YBX1 showed statistically significant
overexpression in 19 common cancers (Fig. 1B), including CESC, COAD, DLBC, ESCA, GBM, HNSC, KIRC,
KIRP, LGG, LIHC, LUSC, OV, PAAD, READ, SKCM, STAD, THYM, UCEC, UCS, and was downregulated in 6
cancers, including BRCA, KICH, LAML, LUAD, TGCT, and THCA.

We divided the clinical database into two groups based on the expression levels of ALYREF and YBXI to
explore their association with the prognosis of pan cancers. The forest plot analysis of overall survival (OS)
revealed a significant correlation between the expression of ALYREFE, YBX1 and prognostic value across various
cancers. Among the 10 tumor types (ACC, BLCA, KICH, KIRP, LGG, LIHC, LUAD, MESO, PAAD and PRAD),
high expression of ALYREF was associated with poor prognosis, whereas the 3 tumor types (DLBC, THYM,
OV) with low expression of ALYREF exhibited a similar unfavorable prognosis (Fig. 1C). In 9 tumor types
(ACC, KIRP, LGG, LIHC, LUAD, MESO, PRAD, PAAD and SARC), high expression of YBX1 corresponded to
an unfavorable prognosis, while one tumor type (OV) with low expression of YBX1 exhibited a poor prognosis
(Fig. 1D). Moreover, the time-dependent ROC curve indicated that the 1-year, 3-year and 5-year OS of ALYREF
were all above 0.5 in ACC, KIRP, LGG, LIHC and LUAD; at the same time, the 1-year, 3-year and 5-year OS of
YBX1 were above 0.5 in KIRP, LGG, LIHC, PAAD and SARC (Supplementary Fig. S1).

Above all, ALYREF and YBX1 overexpression in KIRP, LGG, and LIHC was associated with shorter OS. Tak-
ing into consideration the aberrant expression and prognostic value of ALYREF and YBX1 across cancers, we
selected KIRP, LGG and LTHC as the main cancer types for further investigation. A higher tumor stage signifies
an increased level of tumor progression, while an elevated clinical grading level indicates a lower degree of cell
differentiation. In these tumor types, high expression of ALYREF and YBX1 is observed in advanced pathologic
TNM stages as well as clinical grade. Figure 1E,F shows that high expression of ALYREF was associated with
elevated clinical stage (stage I vs. stage IV in KIRP, stage I vs. stage III in LIHC) and tumor grade (G2 vs. G3 in
LGG, and G1 vs. G3 in LIHC). Similar results for YBX1 were shown in Fig. 1G, H. Collectively, these findings
suggest that ALYREF and YBX1 hold promise as prognostic biomarkers for KIRP, LGG and LIHC.

Correlation between the tumor microenvironment and the expression of ALYREF and YBX1

We utilized TISIDB to analyze the expression of ALYREF and YBXI in different immune subtypes, including
the C1 (wound healing), C2 (IFN-blocking dominant), C3 (inflammatory), C4 (lymphocyte exhaustion), C5
(immune quiescent), and C6 (TGF-multinucleated dominant) subtypes. Figure 2A,B demonstrates the differ-
ential expression of ALYREF and YBX1 across these immune subtypes. Additionally, in KIRP, patients in C4
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Figure 1. Expression and prognostic value of ALYREF and YBX1 in different types of cancers. (A,B) The
expression levels of (A) ALYREF and (B) YBX1 were assessed across 33 cancer types using data obtained from
the TCGA and GTEx datasets, with red indicating upregulation and green indicating lower expression. (C,D)
Hazard ratio of (C) ALYREF and (D) YBX1 gene expression with OS, by the Cox regression analysis method
in different types of cancers. (E-H) The violin diagrams showing the correlation between ALYREF (E-F),
YBX1 (G-H) and Tumor Node Metastasis, pathologic stage. p-Value < 0.05 is regarded as significant. (*p <0.05,
**p<0.01 and **p<0.001).
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Figure 2. Correlation between the tumor microenvironment and expression of ALYREF, YBXI1. (A,B) The
violin diagrams showing the associations between the expression of (A) ALYREE, (B) YBX1 and immune
subtypes across KIRP, LGG and LIHC. (C,D) The correlation of (C) ALYREE (D) YBX1 expression levels and
key immune cells (aDC, iDC, B cells, macrophages, neutrophil, dendritic cells and etc.) in KIRP, LGG and
LIHC. (*p<0.05, **p<0.01 and ***p <0.001).

had a worse prognosis than those in C2. In LGG, patients in C4 had a worse prognosis than those in C5. In
LIHC, patients in both C1 and C4 had a worse prognosis than those in C3 (Supplementary Fig. S2). We found
that ALYREF and YBX1 were differentially expressed in different immune subtypes and that their prognostic
value also varied across different immune subtypes. Immune subtypes are characterized by distinct composi-
tions of the tumor microenvironment (TME), which may partially explain the varying roles of m5C readers in
the prognosis of different cancers.

The TME is a complex network comprising diverse cellular and noncellular components, including immune
cells, endothelial cells, fibroblasts, and various biomolecules. Targeting the TME has emerged as a promising
therapeutic strategy for cancer treatment due to its crucial involvement in regulating tumor progression and
influencing the response to standard-of-care therapies. To understand the interactions between the expression
of m5C readers and the tumor microenvironment, we analyzed the correlations between expression of ALYREF
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and YBX1 and various immune cell populations. Our findings revealed a positive correlation between ALYREF
and YBX1 expression in Th1/Th2 cells, B cells, basophils, and dendritic cells. Conversely, ALYREF and YBX1
expression was negatively correlated with regulatory T cells, CD4+ T cells, CD8+ T cells, NK cells and M2 mac-
rophages (Fig. 2C,D).

Potential association between immune-related factors and the expression of ALYREF and
YBX1

Our analysis revealed a significant association between the expression of ALYREF and YBX1 and immune modu-
lators, including chemokines, receptors, major histocompatibility complex (MHC) molecules, immunoinhibitory
factors, and immunostimulatory factors. To further investigate the relationships between immune modulators
and the expression of ALYREF and YBX1, we performed a coexpression analysis across the three tumors.

Consistent with our results (Fig. 3A,B), we observed a strong correlation between ALYREF, YBX1 and most
immune-related genes. Specifically, chemokines such as CCL19 and CCL21 exhibited negative correlations with
ALYREF expression, and chemokines such as CCL5 and CXCL8 exhibited positive correlations with YBX1
expression. Moreover, immunostimulatory factors and immunosuppressive factors were tightly correlated with
ALYREF and YBXI1 expression. All these results demonstrated that high expression of ALYREF and YBX1 is
significantly relevant to tumor immunity.

Immune checkpoints refer to programmed death receptors and their ligands?. Numerous illnesses, including
cancer, may be caused by aberrant immune checkpoint expression””?. Immune checkpoints are triggered by
chemicals released by tumor cells, which allows them to persist by suppressing T-cell immune activity®®. Previous
studies have demonstrated the significant influence of immune checkpoint genes on immune cell infiltration and
immunotherapyzg. Therefore, we investigated the associations between the expression of ALYREF, YBX1 and
immune checkpoint protein (ICP) genes in KIRP, LGG and LIHC. Our analysis revealed a strong correlation
between ALYREF expression and more than 60% of the ICP genes, particularly CD276, PDCD1, CD40LG and
SELP (Fig. 4A). Similarly, our analysis demonstrated a significant correlation between YBX1 expression and over
50% of the ICP genes, with notable associations observed for CD276, CX3CL1 and ITGB2 (Fig. 4B). These find-
ings suggest that ALYREF and YBX1 proteins have the potential to serve as targets for immunotherapy, enabling
the prediction of immunotherapy response and leading to promising therapeutic outcomes.

TIDE scores and the expression of ALYREF and YBX1

We use the TIDE algorithm to predict the ICB response. It is well known that higher TIDE scores are associated
with poorer immunotherapy™. Figure 5A-C shows that the higher expression group of ALYREF and YBX1 in
KIRP, LGG and LIHC had a lower TIDE score, which suggested that patients with high expression of ALYREF
and YBX1 may be more sensitive to ICB therapy. T-cell dysfunction was more significant in the low expression
of ALYREF and YBX1. However, immune exclusion was observed more frequently in the high expression of
ALYREF and YBX1 (Fig. 5D-1).

Analysis of drug sensitivity and resistance in ALYREF and YBX1
Drug sensitivity and resistance are crucial for cancer therapy, especially resistance, which develops toward
conventional therapy and is one of the important reasons for chemotherapy failure in cancer®. To investigate
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Figure 3. Potential association between immune-related factors and expression of ALYREF, YBXI1. (A,B)
Heatmaps showing the relationship between (A) ALYREE, (B) YBX1 expression and chemokines, receptors,
MHC molecules, immunoinhibitory factors, and immunostimulatory factors across different cancer types.
(*p<0.05).
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Figure 4. Potential association between checkpoints and expression of ALYREE, YBX1. (A,B) Heatmaps
illustrating the association between (A) ALYREE, (B) YBXI1 expression and inhibitory checkpoints and
stimulatory checkpoints. (*p <0.05).

potential correlations between drug sensitivity/resistance and the expression levels of ALYREF and YBX1, we
analyzed data from the CellMiner database. Our results revealed a significant positive correlation between the
expression of ALYREF and YBX1 and drugs (fenretinide, melphalan, XL-147, and fludarabine) (Fig. 6A-D).
Figure 6E shows the negative correlation between the expression of ALYREF and YBX1 and the drug ARRY162.

Positively pathway enrichment analyses for ALYREF and YBX1
To assess the functional enrichment of the expression of ALYREF and YBX1, we performed single-sample gene
set enrichment analysis. As depicted in Fig. 7A-F, the HALLMARK and KEGG*** pathway analyses revealed a
positive association between the expression of ALYREF and YBX1 and various fundamental processes in KIRP,
LGG and LIHC. These processes included DNA replication, E2F, Myc targets, mTORC1, and the cell cycle.
Notably, immune-related signaling pathways and essential signal transduction pathways related to immune
responses were significantly enriched, such as the PI3K/AKT/mTOR pathways, T-cell receptor, IL6/JAK/STAT3,
B-cell receptor, WNT/B-catenin pathway, INFa, TNFa, JAK/STAT and TGF pathways.

Taken together, these findings suggest that ALYREF and YBXI, as essential m5C readers, may promote the
transcription and translation of target genes through coexpression with other genes, thereby influencing the
immune response in KIRP, LGG and LIHC.

Functional enrichment analysis of ALYREF, YBX1 and coexpressed genes

Using LinkedOmics, we identified the top 50 positively associated differentially expressed genes (DEGs) for
ALYREF and YBX1. Supplementary Fig. S3A-F reveals a close relationship between ALYREF/YBX1 and the
elF family, which includes EIF4A3, EIF6, EIF3I, and EIF3H. Using GEPIA analysis, we observed that ALYREF
expression was strongly correlated with e[F4A3 expression and that YBX1 expression was strongly correlated with
elF3I (Fig. 8A-F). Subsequently, we identified positively associated DEGs for ALYREF, YBX1 and eIFs. As shown
in Fig. 8G-H, for common DEGs, GO and KEGG analyses showed that metabolic processes were significantly
enriched in the biological processes category, and nuclei were significantly enriched in the cellular component
category. For the molecular function component, protein binding was significantly enriched.

Discussion

The m5C represents a widespread and important DNA/RNA modification that has been implicated in various
diseases™!*. ALYREF and YBX1 have been identified as crucial m5C reader proteins that specifically bind to
modified sites to recognize m5C-containing oligonucleotides®. Their role in the recognition of m5C modifica-
tions is essential for the proper functioning and regulation of various biological processes®. ALYREF and YBX1
are both implicated in numerous RNA processing events, and their abnormal expression has been linked to
reduced survival rates in cancer patients"*71835-3% However, there is a lack of comprehensive research discuss-
ing the overall landscape and mechanism of m5C reader proteins across different cancers. This study provides
a comprehensive analysis of ALYREF and YBXI1 in pancancer, encompassing expression profiles, prognostic
implications, correlated genes, immune infiltration, and potential pathways.

We discovered noteworthy changes in the expression of ALYREF and YBX1 among 33 tumor types compared
to corresponding normal tissues. Specifically, these genes were upregulated in 19 prevalent cancers (including
CESC, COAD, DLBC, ESCA, GBM, HNSC, KIRC, KIRP, LGG, LIHC, LUSC, OV, PAAD, READ, SKCM, STAD,
THYM, UCEC, UCS) and downregulated in LAML. Furthermore, the expression levels of these genes were
significantly correlated with the clinical characteristics of cancer patients.

Recent studies have demonstrated a significant correlation between m5C modification and cancer
progression®*’. Previous research has examined six categories of immune infiltration (C1-C6) in cancer patients,
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Figure 5. TIDE scores and the expression of ALYREE, YBX1. (A-C) Violin plot shows the TIDE scores for high
and low expression groups of ALYREF and YBX1. From left to right are KIRP (A), LGG (B) and LIHC (C). (D-
F) Correlation analysis of Dysfunction and expression of ALYREF and YBX1 in KIRP (D), LGG (E) and LIHC
(F). (G-1) Correlation analysis of Exclusion and expression of ALYREF and YBX1 in KIRP (G), LGG (H) and

LIHC (I). (*p<0.05, *p<0.01, **p <0.001, ***p <0.0001).
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Figure 6. Drug sensitivity and resistance analysis of ALYREF and YBX1. The expressions of ALYREF and
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potentially influencing tumor cell growth*'. The C1 subtype, associated with wound healing, and the C2 subtype,
characterized by IFN-blocking dominance, are considered poor cytotoxic immunophenotypes. These subtypes
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Figure 7. Positively pathway enrichment analyses for ALYREF and YBX1. Pathway enrichment analyses were
performed for (A-C) ALYREF and (D-F) YBXI. The upper panel represents hallmark pathways, while the
bottom panel represents KEGG pathways. (*p <0.05, FDR<0.5).

exhibit enrichment in angiogenic gene expression, M1/M2 macrophage polarization, CD8+ T-cell signaling,
and TCR diversity*>~**. The C3 subtype, characterized by inflammation, and the C4 subtype, associated with
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Figure 8. Functional enrichment analysis of ALYREF, YBX1 and Co-expressed genes. (A-C) The correlation

with ALYREF and eIF4A3 in KIRP, LGG and LIHC. (D-F) The correlation with YBX1 and eIF3I in KIRP, LGG
and LIHC. (G-H) The GO analysis indicated that (G) ALYREEF, (H) YBX1 and eIF family have many co-related
pathways in common.
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lymphocyte exhaustion, exhibit intermediate cytotoxicity with a significant contribution from the immuno-
suppressive component. These subtypes show enrichment in invasion-related processes such as epithelial-to-
mesenchymal transition, focal adhesion, and extracellular matrix remodeling29’45’47. The C5 subtype, known as
immune quiescent, and the C6 subtype, characterized by TGF-multinucleated dominance, exhibit high cyto-
toxicity. These subtypes are associated with the upregulation of multiple metabolic pathways involved in oxygen
free radical production, as well as the upregulation of the antigen presentation machinery and IFN signaling*®.

The TME comprises a complex network of diverse cellular and noncellular elements, such as immune cells,
endothelial cells, fibroblasts, and other biomolecules. Interactions between cancer cells and different TME com-
ponents promote immune evasion and ultimately drive the enhanced proliferation and invasiveness of cancer
cells. These processes are closely associated with tumor recurrence and patient survival**.

On the one hand, our findings confirmed that there was a negative correlation between the expression of m5C
readers (including ALYREF and YBX1) and CD4+ T cell, CD8+ T cell, NK cell, and regulatory T-cell (Treg cell)
infiltration. CD4+ T-cell and CD8+ T-cell tumor infiltration is one of the key characteristics of effective cancer
immunotherapy. and changes the TME to promote antitumor immunity>"* Possessing multiple cytotoxicity
mechanisms and the ability to modulate the immune response through cytokine production, NK cells play a
pivotal role in anticancer immunity®. Treg cells have the ability to limit the function of antigen-presenting cells
by CTLA-4-dependent downregulation of CD80 and CD86, thereby playing a detrimental role in suppressing
cancer progression by evading immune surveillance and suppressing the antitumor immune response®*>. On
the other hand, the expression levels of ALYREF and YBX1 were positively correlated with the infiltration levels
of T helper 2 cells (Th2 cells), which contributed to the formation of an immunosuppressive TME. Following
differentiation, Th2 cells secrete IL-4, IL-5, IL-10, IL-13, and IL-17 and eventually undergo tumor growth and
metastasis®®*’. At the same time, we also found that the expression of ALYREF and YBX1 was highly associated
with chemokines, chemokine receptors, and MHC genes in KIRP, LGG and LTHC. These results implied that
ALYREF and YBX1 might exert a significant role in the immune response of tumor cells to immunotherapy.

Overexpression of ALYREF and YBX1 was accompanied by the upregulation of immune checkpoint inhibitors
(such as CD276 and PDCD1) and downregulation of immune checkpoint stimulants (such as CX3L1, ITGB2,
CD40LG and SELP), which promoted evasion of immune surveillance by these tumor cells. In summary, these
results provide supportive evidence that ALYREF and YBX1 are linked to the immunosuppressive microenvi-
ronment in cancers.

We analyzed the relationship between TIDE scores and the expression of ALYREF and YBXI1 to further test
the response to immunotherapy and found that the high-expression group of ALYREF and YBX1 had a lower
TIDE score, indicating that the high-expression of m5C readers (ALYREF and YBX1) may respond better to
immunotherapy. These results suggest that m5C readers (ALYREF and YBX1) could predict the effectiveness of
immunotherapy in patients with KIRP, LGG and LIHC.

Furthermore, in the drug sensitivity and resistance analysis, we found that the expression of ALYREF and
YBXI1 was positively correlated with resistance to chemotherapy (fenretinide, melphalan, XL-147, and fludara-
bine) and positively correlated with sensitivity to chemotherapy (ARRY162) in various cancers, which indeed
provides valuable insights for future research on increasing chemotherapy sensitivity and combating chemo-
therapy resistance. Data presented by Tao et al. showed the same results that multidrug resistance can be reversed
by targeting the YBX1 signaling cascade®®*.

Last, we observed a significant correlation between expression (ALYREF and YBX1) and members of the
elF family, including eIF4A3, eIF31, eIF3H, and eIF6. These proteins play crucial roles in preinitiation complex
formation, mRNA translation initiation, and regulation of RNA metabolism through involvement in RNA splic-
ing and other related processes®>¢!. Previous studies have reported significant upregulation of eIF3H and eIF31
in various malignancies®’. Conversely, eIF3I activates Akt signaling by interacting with Clusterin, leading to
increased expression of matrix metalloproteinase 13 (MMP13) and subsequent metastasis in HCC®. Additionally,
multiple studies have demonstrated the overexpression of eIF4A3 in various malignancies, including HCC, gastric
cancer, epithelial ovarian cancer, and ovarian cancer. Zhou et al. discovered that eIlF4A3 binded to noncoding
RNAs in cancer cells, thereby promoting cellular processes such as proliferation, migration, the Wnt/B-catenin
signaling pathway, and epithelial-mesenchymal transition (EMT)®-%. Importantly, eIF4A3 has been demon-
strated to facilitate the binding of ALYREF not only at spliced RNA sites but also at single-exon transcript sites®.
The overactivation of eIF6 has been confirmed to be associated with tumor proliferation and invasion through the
AKT and mTOR pathways in oral squamous cell carcinoma, glioblastoma, and colorectal cancer®"%. Our DEGs
analysis revealed a significant correlation between m5C readers and the expression of eIFs in KIRP, LGG and
LIHC. eIF4A3 can stimulate ALYREF binding at sites of spliced RNAs and single-exon transcripts. Interestingly,
the m5C binding mode of YBX1 is similar to DNA m5C recognition by certain transcription factors”®. Based
on functional enrichment analysis, ALYREF, YBX1 and DEGs were mainly enriched in the DNA replication, E2F,
Myec-targets, nTORCI1, PI3K/AKT/mTOR pathways, T-cell receptor, IL6/JAK/STAT?3, B-cell receptor, WNT/p-
catenin pathway, INFa, TNFa, JAK/STAT and TGF pathways. Through meticulous functional annotation and
rigorous enrichment analysis of differentially expressed genes, we successfully elucidated the impact of elFs,
specifically eIFs-m5C readers, on mRNA translation and RNA metabolism. These processes ultimately resulted
in elevated levels of cellular m5C via the involvement of m5C readers (ALYREF and YBX1).

These findings suggest that ALYREF and YBX1, as m5C readers, have the potential to be biomarkers or
novel targets for combined modality therapy and lead to favorable treatment outcomes. Until now, the m5C
readers have mainly included ALYREF and YBX1, in the future there may be further exploration to discover
more readers.

We acknowledge some limitations in our study. It primarily relies on data analysis using several online data-
bases and lacks certain experimental evidences to verify our hypotheses. In future research, we will intend to
address these limitations by investigating the precise mechanism between eIFs and m5C readers. In most cases
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of this study, we grouped the data into high-expression and low-expression groups using the median expression,
which is an analysis shortage. Duo Yun constructed a score (m5C-score) based on the expression of m5C-related
prognostic DEG expression to predict the prognosis of patients’’, which is a worth learning idea using multivari-
ate Cox analysis to avoid potential bias as much as possible. In the future, we may perform subgroup analysis by
the expression of m5C readers and m5C scores to explore the potential of m5C readers in treatment.

Conclusion

Our findings demonstrated that ALYREF and YBX1, as m5C readers, are aberrantly expressed in most cancers
and are associated with disease prognosis. Additionally, they are correlated with the TME and drug sensitivity,
particularly in KIRP, LGG and LIHC. Moreover, ALYREF and YBX1 were found to be positively associated with
elF family genes and enriched in various fundamental processes and immune responses. Therefore, targeting
m5C readers offers an intriguing therapeutic strategy.

Materials and methods

Acquisition of gene expression data

The data for 10,496 TCGA (https://gdc.cancer.gov) samples in 33 different types of tumor tissues, as well as perti-
nent clinical information (type, survival status, clinical and pathological stage) integrated with the GTEx resource,
were obtained from the UCSC Xena database (https://commonfund.nih.gov/GTEx/), and then log2(TPM + 1)
transformation was performed”®-8!,

Survival and prognostic analysis

The prognostic values of ALYREF and YBX1 in malignancies were assessed by a type of clinical outcome: OS.
Prognostic indicators were assessed on criteria covering hazard ratios (HR), 95% confidence intervals and p
values indicated when p <0.05 was considered statistically significant. The time-dependent ROC curve was
generated using the timeROC of R language to explore the prognostic value of ALYREF and YBX1.

Immune subtype and tumor microenvironment

A tool for TCGA analysis was made available on the Sangerbox website (http://sangerbox.com) to estimate the
stromal and immune cells in tumor samples. The potential relationships between the expression of ALYREF and
YBX1 and the immune subtypes were discussed by using the TISIDB website (http://cis.hku.hk/TISIDB/) with
the R package "IOBR" (which includes xCELL)® in pancancer®*%,

Factors related to immunity

We examined the link between ALYREF, YBX1 and more than 50 immune checkpoint-related genes in KIRP,
LGG and LIHC on the Sangerbox website using the Pearson correlation test. Furthermore, the Sangerbox website
was used to discuss the probable connection between the expression of m5C readers and immunomodulators
(immune inhibitors, immune stimulators, MHC molecules and receptors, and chemokines).

TIDE score analysis

TIDE score has been applied to predict responses to immune checkpoint blockade and determine mechanisms
underlying tumor immune escape based on myeloid-derived suppressor cells (MDSCs), M2 macrophages, and
T-cell dysfunction and exclusion®**. The TCGA pan-cancer TIDE scores, dysfunction scores and exclusion
scores were directly downloaded from TIDE (http://tide.dfciharvard.edu).

Drug sensitivity and resistance analysis

To examine the drug sensitivity and resistance of ALYREF and YBX1 in pancancer, NCI-60 compound activity
data and RNA-seq expression profiles were downloaded from CellMiner™ (https://discover.nci.nih.gov/cellminer/
home.do)®. Drugs that have undergone FDA approval or clinical trials were chosen for investigation.

Construction of ALYREF and YBX1 coexpression networks

We utilized the LinkedOmics database (http://www.linkedomics.org/)?” to identify DEGs associated3 with
ALYREF and YBX1 and evaluated associated DEGs with the GEPIA2 web server (http://gepia2.cancer-pku.cn)
using Spearman’s correlation coefficients®. Using GO tools, we annotated pathway enrichments for positively
common genes on DAVID (https://david.ncifcrf.gov/)***. The three domains of the GO analyses, molecular func-
tions (MF), biological processes (BP), and cellular components (CC), were visualized using the bioinformatics
website (http://www.bioinformatics. com.cn/).

GSEA analysis

Single-sample gene set enrichment analysis (ssGSEA) denotes GSEA for a single sample, and both the proce-
dure for calculating ES and sequencing the gene list rely on the gene expression levels in the sample. Using the
"GSEA" R package, we investigated the probable biological functions of m5C readers based on a false discovery
rate (FDR) <0.05 and a p value <0.05°".

Statistical analyses

The data in this study are shown as the means with standard deviations (SD). The differences between the two
groups were evaluated using t tests. R 4.1.3 was utilized to carry out statistical analyses. p <0.05 (two-tailed) was
regarded as statistically significant.

Scientific Reports |

(2024) 14:1651 | https://doi.org/10.1038/s41598-024-52110-7 nature portfolio


https://gdc.cancer.gov
https://commonfund.nih.gov/GTEx/
http://sangerbox.com
http://cis.hku.hk/TISIDB/
http://tide.dfci.harvard.edu
https://discover.nci.nih.gov/cellminer/home.do
https://discover.nci.nih.gov/cellminer/home.do
http://www.linkedomics.org/
http://gepia2.cancer-pku.cn
https://david.ncifcrf.gov/
http://www.bioinformatics

www.nature.com/scientificreports/

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon
reasonable request.

Received: 18 October 2023; Accepted: 13 January 2024
Published online: 18 January 2024

References

1.

Squires, J. E. et al. Widespread occurrence of 5-methylcytosine in human coding and non-coding RNA. Nucleic Acids Res. 40(11),
5023-5033 (2012).

2. Hussain, S., Aleksic, J., Blanco, S., Dietmann, S. & Frye, M. Characterizing 5-methylcytosine in the mammalian epitranscriptome.
Genome Biol. 14(11), 215 (2013).

3. Nombela, P, Miguel-Lopez, B. & Blanco, S. The role of m(6)A, m(5)C and ¥ RNA modifications in cancer: Novel therapeutic
opportunities. Mol. Cancer 20(1), 18 (2021).

4. He, Y. et al. Role of m(5)C-related regulatory genes in the diagnosis and prognosis of hepatocellular carcinoma. Am. J. Transl. Res.
12(3), 912-922 (2020).

5. Song, H. et al. Biological roles of RNA m(5)C modification and its implications in cancer immunotherapy. Biomark. Res. 10(1),
15 (2022).

6. Zhang, Q. et al. The role of RNA m(5)C modification in cancer metastasis. Int. J. Biol. Sci. 17(13), 3369-3380 (2021).

7. Shi, M. et al. ALYREF mainly binds to the 5’ and the 3’ regions of the mRNA in vivo. Nucleic Acids Res. 45(16), 9640-9653 (2017).

8. Xue, C,, Zhao, Y, Li, G. & Li, L. Multi-omic analyses of the m(5)C regulator ALYREF reveal its essential roles in hepatocellular
carcinoma. Front. Oncol. 11, 633415 (2021).

9. Rehwinkel, J. et al. Genome-wide analysis of mRNAs regulated by the THO complex in Drosophila melanogaster. Nat. Struct. Mol.
Biol. 11(6), 558-566 (2004).

10. Xue, C. et al. ALYREF mediates RNA m(5)C modification to promote hepatocellular carcinoma progression. Signal Transduct.
Target Ther. 8(1), 130 (2023).

11. Wang, N., Chen, R. X., Deng, M. H. & Wei, W. S. m(5)C-dependent cross-regulation between nuclear reader ALYREF and writer
NSUN2 promotes urothelial bladder cancer malignancy through facilitating RABL6/TK1 mRNAs splicing and stabilization. Cell
Death Dis. 14(2), 139 (2023).

12. Klec, C. et al. ALYREEF, a novel factor involved in breast carcinogenesis, acts through transcriptional and post-transcriptional
mechanisms selectively regulating the short NEAT1 isoform. Cell. Mol. Life Sci. 79(7), 391 (2022).

13. Yang, X. et al. 5-methylcytosine promotes mRNA export—NSUN2 as the methyltransferase and ALYREF as an m(5)C reader. Cell
Res. 27(5), 606-625 (2017).

14. Wang, J. Z. et al. The role of the HIF-1a/ALYREF/PKM2 axis in glycolysis and tumorigenesis of bladder cancer. Cancer Commun.
41(7), 560-575 (2021).

15. Yu, W. et al. YAP 5-methylcytosine modification increases its mRNA stability and promotes the transcription of exosome secretion-
related genes in lung adenocarcinoma. Cancer Gene Therapy 30(1), 149-162 (2023).

16. Kosnopfel, C., Sinnberg, T. & Schittek, B. Y-box binding protein 1-a prognostic marker and target in tumour therapy. Eur. J. Cell
Biol. 93(1-2), 61-70 (2014).

17. Alkrekshi, A., Wang, W., Rana, P. S., Markovic, V. & Sossey-Alaoui, K. A comprehensive review of the functions of YB-1 in cancer
stemness, metastasis and drug resistance. Cell Signal 85, 110073 (2021).

18. Chen, X. et al. 5-methylcytosine promotes pathogenesis of bladder cancer through stabilizing mRNAs. Nat. Cell Biol. 21(8), 978-990
(2019).

19. Goodarzi, H. et al. Endogenous tRNA-derived fragments suppress breast cancer progression via YBX1 displacement. Cell 161(4),
790-802 (2015).

20. Cui, Q. et al. YBX1 knockdown induces renal cell carcinoma cell apoptosis via Kindlin-2. Cell Cycle 20(22), 2413-2427 (2021).

21. Yu, G. et al. Comprehensive analysis of m5C methylation regulatory genes and tumor microenvironment in prostate cancer. Front.
Immunol. 13, 914577 (2022).

22. Yin, H. et al. 5-Methylcytosine (m(5)C) modification in peripheral blood immune cells is a novel non-invasive biomarker for
colorectal cancer diagnosis. Front. Immunol. 13, 967921 (2022).

23. Lasham, A, Print, C. G., Woolley, A. G., Dunn, S. E. & Braithwaite, A. W. YB-1: Oncoprotein, prognostic marker and therapeutic
target?. Biochem. J. 449(1), 11-23 (2013).

24. He, Z., Xu, J. & Shi, H. m5CRegpred: Epitranscriptome target prediction of 5-methylcytosine (m5C) regulators based on sequenc-
ing features. Genes 13(4), 677 (2022).

25. Wang, L. et al. Distinct roles of m(5)C RNA methyltransferase NSUN2 in major gynecologic cancers. Front. Oncol. 12, 786266
(2022).

26. Pardoll, D. M. The blockade of immune checkpoints in cancer immunotherapy. Nat. Rev. Cancer 12(4), 252-264 (2012).

27. Tanaka, A. & Sakaguchi, S. Regulatory T cells in cancer immunotherapy. Cell Res. 27(1), 109-118 (2017).

28. Sharma, P. & Allison, J. P. Immune checkpoint targeting in cancer therapy: Toward combination strategies with curative potential.
Cell 161(2), 205-214 (2015).

29. de Mingo Pulido, A. & Ruffell, B. Immune regulation of the metastatic process: Implications for therapy. Adv. Cancer Res. 132,
139-163 (2016).

30. Jiang, P. et al. Signatures of T cell dysfunction and exclusion predict cancer immunotherapy response. Nat. Med. 24(10), 1550-1558
(2018).

31. Haider, T. & Pandey, V. Drug resistance in cancer: Mechanisms and tackling strategies. Pharmacol. Rep. 72(5), 1125-1151 (2020).

32. Kanehisa, M. Toward understanding the origin and evolution of cellular organisms. Protein Sci. 28(11), 1947-1951 (2019).

33. Kanehisa, M. & Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28(1), 27-30 (2000).

34. Kanehisa, M., Furumichi, M., Sato, Y., Kawashima, M. & Ishiguro-Watanabe, M. KEGG for taxonomy-based analysis of pathways
and genomes. Nucleic Acids Res. 51(D1), D587-d592 (2023).

35. Zottel, A. & Jov¢evska, I. Anti-vimentin, anti-TUFM, anti-NAPIL1 and anti-DPYSL2 nanobodies display cytotoxic effect and
reduce glioblastoma cell migration. Therapeutic Adv. Med. Oncol. 12, 1758 (2020).

36. Su, J. et al. NSUN2-mediated RNA 5-methylcytosine promotes esophageal squamous cell carcinoma progression via LIN28B-
dependent GRB2 mRNA stabilization. Oncogene 40(39), 5814-5828 (2021).

37. Hussain, S. et al. NSun2-mediated cytosine-5 methylation of vault noncoding RNA determines its processing into regulatory small
RNAs. Cell Rep. 4(2), 255-261 (2013).

38. Li, Q. et al. NSUN2-mediated m5C methylation and METTL3/METTL14-mediated m6A methylation cooperatively enhance p21
translation. J. Cell Biochem. 118(9), 2587-2598 (2017).

39. Chen, Y. et al. Upregulation of LRRC8A by m(5)C modification-mediated mRNA stability suppresses apoptosis and facilitates
tumorigenesis in cervical cancer. Int. J. Biol. Sci. 19(2), 691-704 (2023).

Scientific Reports | (2024) 14:1651 | https://doi.org/10.1038/s41598-024-52110-7 nature portfolio



www.nature.com/scientificreports/

40. Chellamuthu, A. & Gray, S. G. The RNA methyltransferase NSUN2 and its potential roles in cancer. Cells 9(8), 1758 (2020).

41. Tamborero, D. et al. A pan-cancer landscape of interactions between solid tumors and infiltrating immune cell populations. Clin.
Cancer Res. 24(15), 3717-3728 (2018).

42. Pickup, M., Novitskiy, S. & Moses, H. L. The roles of TGFp in the tumour microenvironment. Nat. Rev. Cancer 13(11), 788-799
(2013).

43. Cortes, C. L. et al. Effect of low doses of actinomycin D on neuroblastoma cell lines. Mol. Cancer 15, 1 (2016).

44. Tauriello, D. V. E. et al. TGFp drives immune evasion in genetically reconstituted colon cancer metastasis. Nature 554(7693),
538-543 (2018).

45. Condeelis, J. & Pollard, J. W. Macrophages: Obligate partners for tumor cell migration, invasion, and metastasis. Cell 124(2),
263-266 (2006).

46. Facciabene, A. et al. Tumour hypoxia promotes tolerance and angiogenesis via CCL28 and T(reg) cells. Nature 475(7355), 226-230
(2011).

47. Kumar, V. & Gabrilovich, D. I. Hypoxia-inducible factors in regulation of immune responses in tumour microenvironment.
Immunology 143(4), 512-519 (2014).

48. Mouw, K. W,, Goldberg, M. S., Konstantinopoulos, P. A. & D’Andrea, A. D. DNA damage and repair biomarkers of immunotherapy
response. Cancer Discov. 7(7), 675-693 (2017).

49. Yoshihara, K. ef al. Inferring tumour purity and stromal and immune cell admixture from expression data. Nat. Commun. 4, 2612
(2013).

50. Ohtani, H. Focus on TILs: Prognostic significance of tumor infiltrating lymphocytes in human colorectal cancer. Cancer Immun.
7, 4 (2007).

51. Kennedy, R. & Celis, E. Multiple roles for CD4+ T cells in anti-tumor immune responses. Immunol. Rev. 222, 129-144 (2008).

52. Melssen, M. & Slingluff, C. L. Jr. Vaccines targeting helper T cells for cancer immunotherapy. Curr. Opin. Immunol. 47, 85-92
(2017).

53. Laskowski, T. J. & Biederstidt, A. Natural killer cells in antitumour adoptive cell immunotherapy. Nat. Rev. Cancer 22(10), 557-575
(2022).

54. Togashi, Y., Shitara, K. & Nishikawa, H. Regulatory T cells in cancer immunosuppression-implications for anticancer therapy. Nat.
Rev. Clin. Oncol. 16(6), 356-371 (2019).

55. Qureshi, O. S. et al. Trans-endocytosis of CD80 and CD86: A molecular basis for the cell-extrinsic function of CTLA-4. Science
332(6029), 600-603 (2011).

56. Mantovani, A., Allavena, P, Sica, A. & Balkwill, F. Cancer-related inflammation. Nature 454(7203), 436-444 (2008).

57. Fu, C. et al. Activation of the IL-4/STAT6 signaling pathway promotes lung cancer progression by increasing M2 myeloid cells.
Front. Immunol. 10, 2638 (2019).

58. Tao, Z. et al. Targeting the YB-1/PD-L1 axis to enhance chemotherapy and antitumor immunity. Cancer Immunol. Res. 7(7),
1135-1147 (2019).

59. Maurya, P. K. et al. Role of Y box protein-1 in cancer: As potential biomarker and novel therapeutic target. J. Cancer 8(10),
1900-1907 (2017).

60. Miluzio, A., Beugnet, A., Volta, V. & Biffo, S. Eukaryotic initiation factor 6 mediates a continuum between 60S ribosome biogenesis
and translation. EMBO Rep. 10(5), 459-465 (2009).

61. Scagliola, A., Miluzio, A. & Biffo, S. Translational control of metabolism and cell cycle progression in hepatocellular carcinoma.
Int. J. Mol. Sci. 24(5), 4885 (2023).

62. Zheng, W. et al. Multiple functions and mechanisms underlying the role of METTL3 in human cancers. Front. Oncol. 9, 1403
(2019).

63. Wang, C. et al. Clusterin facilitates metastasis by EIF3I/Akt/MMP13 signaling in hepatocellular carcinoma. Oncotarget 6(5),
2903-2916 (2015).

64. Zhou, C., An, N., Cao, C. & Wang, G. IncRNA HOXC-ASI1 promotes gastric cancer via binding eIF4AIII by activating Wnt/f3-
catenin signaling. J. Gene Med. 22(9), 3202 (2020).

65. Zhang, L., Chen, Y., Bao, C., Zhang, X. & Li, H. Eukaryotic initiation factor 4AIII facilitates hepatocellular carcinoma cell pro-
liferation, migration, and epithelial-mesenchymal transition process via antagonistically binding to WD repeat domain 66 with
miRNA-2113. J. Cell Physiol. 235(11), 8199-8209 (2020).

66. Zhang, S. et al. Sanguinarine inhibits epithelial ovarian cancer development via regulating long non-coding RNA CASC2-EIF4A3
axis and/or inhibiting NF-kB signaling or PI3K/AKT/mTOR pathway. Biomed. Pharmacother. 102, 302-308 (2018).

67. Xue, C,, Gu, X, Li, G., Bao, Z. & Li, L. Expression and functional roles of eukaryotic initiation factor 4A family proteins in human
cancers. Front. Cell Dev. Biol. 9, 711965 (2021).

68. Viphakone, N. et al. Co-transcriptional loading of RNA export factors shapes the human transcriptome. Mol. Cell 75(2), 310-323.
€8 (2019).

69. Liang, J. et al. Diagnostic and prognostic utility of eIF6 in glioblastoma: A study based on TCGA and CGGA databases. Am. J.
Transl. Res. 14(7), 5040-5049 (2022).

70. Gandin, V. et al. Eukaryotic initiation factor 6 is rate-limiting in translation, growth and transformation. Nature 455(7213), 684-688
(2008).

71. Lin, J. et al. eIF6 promotes colorectal cancer proliferation and invasion by regulating AKT-related signaling pathways. J. Biomed.
Nanotechnol. 15(7), 1556-1567 (2019).

72. Sami, A. & Karsy, M. Targeting the PI3K/AKT/mTOR signaling pathway in glioblastoma: Novel therapeutic agents and advances
in understanding. Tumour Biol. 34(4), 1991-2002 (2013).

73. Sun, L. et al. eIF6 promotes the malignant progression of human hepatocellular carcinoma via the mTOR signaling pathway. J.
Transl. Med. 19(1), 216 (2021).

74. Zhao, Z. et al. Cytoplasmic eIF6 promotes OSCC malignant behavior through AKT pathway. Cell Commun. Signal. 19(1), 121
(2021).

75. Walavalkar, N. M., Cramer, J. M., Buchwald, W. A., Scarsdale, J. N. & Williams, D. C. Jr. Solution structure and intramolecular
exchange of methyl-cytosine binding domain protein 4 (MBD4) on DNA suggests a mechanism to scan for mCpG/TpG mis-
matches. Nucleic Acids Res. 42(17), 11218-11232 (2014).

76. Liu, Y. et al. Structural basis for KIf4 recognition of methylated DNA. Nucleic Acids Res. 42(8), 4859-4867 (2014).

77. Yun, D. et al. An m5C methylation regulator-associated signature predicts prognosis and therapy response in pancreatic cancer.
Front. Cell Dev. Biol. 10, 975684 (2022).

78. Shen, W. et al. Sangerbox: A comprehensive, interaction-friendly clinical bioinformatics analysis platform. iMeta 1(3), €36 (2022).

79. Wei, L. et al. TCGA-assembler 2: Software pipeline for retrieval and processing of TCGA/CPTAC data. Bioinformatics 34(9),
1615-1617 (2018).

80. Pan-cancer analysis of whole genomes. Nature 578(7793): 82-93 (2020)

81. Weinstein, J. N. et al. The cancer genome atlas pan-cancer analysis project. Nat Genet 45(10), 1113-1120 (2013).

82. Zeng, D. et al. IOBR: multi-omics immuno-oncology biological research to decode tumor microenvironment and signatures.
Front. Immunol. 12, 687975 (2021).

Scientific Reports | (2024) 14:1651 | https://doi.org/10.1038/s41598-024-52110-7 nature portfolio



www.nature.com/scientificreports/

83. Li, T. et al. TIMER: A web server for comprehensive analysis of tumor-infiltrating immune cells. Cancer Res. 77(21), e108-e110
(2017).

84. Subramanian, A. et al. Gene set enrichment analysis: a knowledge-based approach for interpreting genome-wide expression
profiles. Proc. Natl. Acad. Sci. USA 102(43), 15545-15550 (2005).

85. Braun, D. A., Hou, Y. & Bakouny, Z. Interplay of somatic alterations and immune infiltration modulates response to PD-1 blockade
in advanced clear cell renal cell carcinoma. Nat. Med. 26(6), 909-918 (2020).

86. Reinhold, W. C. et al. Cell miner: A web-based suite of genomic and pharmacologic tools to explore transcript and drug patterns
in the NCI-60 cell line set. Cancer Res. 72(14), 3499-3511 (2012).

87. Vasaikar, S. V., Straub, P., Wang, J. & Zhang, B. LinkedOmics: Analyzing multi-omics data within and across 32 cancer types.
Nucleic Acids Res. 46(D1), D956-d963 (2018).

88. Tang, Z., Kang, B., Li, C., Chen, T. & Zhang, Z. GEPIA2: An enhanced web server for large-scale expression profiling and interac-
tive analysis. Nucleic Acids Res. 47(W1), W556-w560 (2019).

89. da Huang, W.,, Sherman, B. T. & Lempicki, R. A. Systematic and integrative analysis of large gene lists using DAVID bioinformatics
resources. Nat. Protoc. 4(1), 44-57 (2009).

90. da Huang, W., Sherman, B. T. & Lempicki, R. A. Bioinformatics enrichment tools: Paths toward the comprehensive functional
analysis of large gene lists. Nucleic Acids Res. 37(1), 1-13 (2009).

91. Barbie, D. A. et al. Systematic RNA interference reveals that oncogenic KRAS-driven cancers require TBK1. Nature 462(7269),
108-112 (2009).

Author contributions
R.X.: conceived the study and wrote the manuscript. K.Y. and Y.W.: supervised the study and reviewed and edited
the manuscript. All authors read and approved the final manuscript.

Funding

The Key Laboratory of Tumor Immunological Prevention and Treatment of Yunnan Province (Grant No.
2017DG004). The special project for basic research of Yunnan Province (Grant No. 202101AT070225). The Key
Laboratory of Cardiovascular Disease of Yunnan Province (Grant No. 2018DG008).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-52110-7.

Correspondence and requests for materials should be addressed to Y.W. or Y.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:1651 | https://doi.org/10.1038/s41598-024-52110-7 nature portfolio


https://doi.org/10.1038/s41598-024-52110-7
https://doi.org/10.1038/s41598-024-52110-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Multi-omic analyses of m5C readers reveal their characteristics and immunotherapeutic proficiency
	Results
	Expression and prognostic value of ALYREF and YBX1 in different types of cancers
	Correlation between the tumor microenvironment and the expression of ALYREF and YBX1
	Potential association between immune-related factors and the expression of ALYREF and YBX1
	TIDE scores and the expression of ALYREF and YBX1
	Analysis of drug sensitivity and resistance in ALYREF and YBX1
	Positively pathway enrichment analyses for ALYREF and YBX1
	Functional enrichment analysis of ALYREF, YBX1 and coexpressed genes

	Discussion
	Conclusion
	Materials and methods
	Acquisition of gene expression data
	Survival and prognostic analysis
	Immune subtype and tumor microenvironment
	Factors related to immunity
	TIDE score analysis
	Drug sensitivity and resistance analysis
	Construction of ALYREF and YBX1 coexpression networks
	GSEA analysis
	Statistical analyses

	References


