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Abstract

Background Colorectal cancer (CRQ) is the third most common cancer globally. Alternative splicing contributes
significantly to CRC tumorigenesis through aberrant transcript generation. However, the regulatory influence of
RNA modifications on splicing remains poorly understood, largely due to technical difficulty. Nanopore direct RNA
sequencing addresses this by enabling simultaneous detection of RNA modifications and Alternative splicing events
(ASEs).

Methods We conducted Nanopore direct RNA sequencing on paired tumor and normal tissues from surgical
resections at Beijing Hospital. Differential putative RNA modification sites and ASEs linked to CRC were systematically
identified. To validate the key findings, we utilized a large patient cohort from The Cancer Genome Atlas (TCGA) and
predicted 3D protein structures with AlphaFold3. The predicted structures were then compared using TM-align.
Regulatory relationships between RNA modifications and splicing were explored through predictive modeling of
potential cis-regulatory pairs. The splicing events were also validated.

Results The MYH11-201 transcript of the MYH11 gene contains an additional exon (ENSE00001632812) compared
to the MYH11-203 isoform. Both bioinformatic analysis and experimental validation confirmed frequent loss of this
exon in tumor tissues. This finding was further validated in the TCGA cohort, demonstrating a significant preference
for exon skipping in tumor tissues. These results suggest that the skipping of ENSE00001632812 is a promising
candidate biomarker associated with CRC pathogenesis. Notably, this exon’s PFO0063 domain interacts with multiple
tumor suppressor genes and oncogenes domains, suggesting its functional importance. The structures revealed
pronounced rotational divergence within a putative C-terminal transmembrane domain-like region. Furthermore, we
utilized Nanopore sequencing to explore the potential interplay between alternative splicing and RNA modifications.
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enzymes and splicing-related proteins in CRC.

that warrant further functional exploration. While our find
extensive validation in independent large-scale cohorts a
utility and mechanistic roles of these targets.
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We implemented an integrated analytical workflow (available at https://github.com/lelelililele/Nanopore-ASEs-and-R
NA-modification) combining modification calling and splicing analysis tools to investigate RNA modification-related

Conclusions This pilot study utilizes Nanopore direct RNA sequencing to characterize exon skipping events and
RNA modifications in CRC. We identified the skipping of MYH11 exon ENSE00001632812 as a potential candidate for
future diagnostic investigation. By integrating modification and splicing data, we highlighted putative regulatory pairs
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Introduction

Alternative splicing of precursor messenger RNA (pre-
mRNA) enhances the complexity of gene regulation and
transcript diversity, thereby influencing both physiologi-
cal and pathological processes [1]. Variable cis-regulatory
elements and alterations in splicing trans-regulatory fac-
tors modulate ASEs, which aberrant ASEs impact CRC
progression by regulating cell proliferation, invasion,
apoptosis, as well as angiogenesis and drug resistance
[2, 3]. For instance, serine and arginine-rich splicing fac-
tor 1 (SRSF1), a key member of the SR family, has been
observed to be upregulated in CRC and is correlated
with DNA damage and cell cycle progression [4]. SRSF1
acts as an oncogenic factor that promotes tumorigenesis
by regulating various ASEs, such as the splicing of Rac
Family Small GTPase 1 (RAC1) [2]. Although alternative
splicing plays a crucial role in CRC progression and is
implicated in multiple malignant hallmarks, its function

remains less understood compared to its involvement in
prostate or breast cancer. The specific splicing alterations
associated with disease are not yet fully characterized,
underscoring the need for further research to compre-
hensively elucidate the regulatory mechanisms governing
ASEs in CRC [5, 6].

Over 150 types of RNA modifications have been con-
firmed to regulate gene expression, extending beyond
ribosomal and transfer RNAs to mRNAs and non-coding
RNAs [7-9]. Dysregulation of the epigenetic machin-
ery—comprising ‘writers, ‘erasers; and ‘readers’—is
implicated in various diseases, particularly cancer [10—
13]. While traditional detection methods face limitations
in sensitivity and quantification [20], Oxford Nanopore
direct RNA sequencing overcomes these challenges by
enabling direct, transcriptome-wide profiling of modifi-
cations through electrical signal analysis [14].


https://github.com/lelelililele/Nanopore-ASEs-and-RNA-modification
https://github.com/lelelililele/Nanopore-ASEs-and-RNA-modification
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Previous studies demonstrated the regulatory role of
RNA modifications in post-transcriptional events [15].
For instance, the absence of the m6A methyltransferase
METTLS3 significantly alters the alternative splicing pat-
terns of thousands of genes [16-20]. During alternative
splicing, m6A is enriched in both exons and introns, with
m6A-modified exons showing a tendency to be retained
in mRNA following splicing [16, 18, 19]. These findings
underscore the critical influence of RNA modifications
on alternative splicing. Conversely, ASEs can also modu-
late m6A modifications. One study identified METTL3-
D, an alternatively spliced isoform of the METTL3
protein that lacks expression. This isoform expressed
with higher levels in normal liver tissues compared to the
canonical full-length METTL3-A, but it is significantly
reduced in tumor tissues and cell lines [21]. Functional
experiments further demonstrated that METTL3-D
expression leads to decreased m6A modifications, which
inhibit the proliferation, migration, and invasion of hepa-
tocellular carcinoma cells, and negatively correlates with
tumor malignancy in patients, exhibiting effects opposite
to those of METTL3-A [21].

While the regulatory role of RNA modifications in
splicing is recognized, accurately mapping these inter-
actions on native RNA molecules remains challenging.
Therefore, our research employed Nanopore direct RNA
sequencing to simultaneously profile differential RNA
modification sites and aberrant ASEs in CRC, providing
an integrated perspective on their potential regulatory
relationships.

Result

Aberrant ASEs in CRC

Compared to short read sequencing, Nanopore sequenc-
ing significantly improved accuracy in detecting aberrant
ASEs. For paired CRC tissues, the relative abundances
of splicing events were quantified using the proportion
spliced-in (PSI), with APSI representing the differences
in these relative abundances between conditions (Fig.
1A). A total of 263 aberrant ASEs (Table S1) were iden-
tified during the screening process, as indicated in Fig.
1B. These events were predominantly associated with
exon skipping and alternative first exons, accounting for
37.26% and 23.95% respectively (Fig. 1C). Among the
identified ASE genes, notable genes linked to Wnt sig-
naling pathway included PPP3CB [22], CAMK2G [23],
GSK3B [24], RACI [25], and CTNNBIP1 [26]. Addition-
ally, CRC related genes such as COROIC [27], COLIA2
[28], EN1 [29], TPM1 [30], and MYH11 [31] were also
detected in this analysis (Fig. 1C). These ASE genes were
found to be enriched in pathways related to key cellu-
lar processes including migration, proliferation, differ-
entiation, angiogenesis, and membrane functions (Fig.
1D). Furthermore, a network combining protein-protein
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interactions and protein domain-domain interactions
was constructed (Fig. 1E), with RPLI8A and RPS24 iden-
tified as the top nodes in terms of connectivity. Both of
these genes are associated with ribosomal functions, and
the alternative splicing of RPS24 has been implicated as
a marker of cancer progression and epithelial-mesen-
chymal transition [32]. Other cancer-related genes such
as GSK3B [24], FN1 [29], MYH11 [31], TPM1 [30], and
NQOI1 [33] were observed to exert significant influence
within the network.

Aberrant ASEs gene MYH11 in CRC

For ASE genes, we directed our focus towards the CRC-
associated gene MYH11, which has shown a correlation
with patients in stage II and III CRC [31]. Out of the 13
transcripts of MYHI1, the primary protein-coding tran-
scripts were MYH11-201 and MYH11-203(Fig. 2A and
B). A decrease in the expression of the MYH11 gene was
observed in tumor tissues (Fig. 2C), along with a corre-
sponding decrease in the TPM levels of MYH11-201 and
MYH11-203(Fig. 2D). To investigate the structural con-
sequences of exon variation, we predicted the 3D struc-
tures of both isoforms with AlphaFold3 and compared
them using TM-align. Comparative analysis revealed
a pronounced rotational divergence within a putative
C-terminal transmembrane domain-like region (Fig. 2E).
This predicted structural alteration provides a hypoth-
esis for potential functional divergence between the two
isoforms. Interestingly, despite this overall decrease, the
proportion of MYH11-201 transcripts exhibited a signif-
icant increase in the tumor samples, while the levels of
MYH11-203 remained decreased (Fig. 2B, F, G).

Distinct from MYH11-201, MYH11-203 features a
unique exon, ENSE00001632812, which is linked to the
PF00063 domain (Figs. 2A and 3A). Through ASE screen-
ing, we uncovered an aberrant splicing event occur-
ring in this exon of MYH11-203 (Fig. 3A), resulting in
a tendency to exon skipping in tumor tissues. More-
over, there was a notable reduction in the proportion of
ENSE00001632812 in the tumor (Fig. 3B). At the gene
level, MYH11 expression appeared to be downregulated
in tumor samples. Despite this downregulation, at the
transcript level, the proportion of MYH11-201 showed
an increase within tumor tissue, while the proportion of
MYH11-203 decreased. Additionally, at the exon level,
the proportion of ENSE00001632812 within MYH11-
203 was observed to decrease in tumor samples. This
prompts further investigation into the functional impli-
cations of the skipped exon in MYHI11. We also validated
changes in MYH1I1 splicing by RT-PCR (Fig. 3C). Due to
our limited sample size, we further validated this find-
ing using TCGA COAD dataset, which revealed that the
usage and expression of this exon was significantly higher
in normal tissues compared to tumor tissues (Fig. 3D and
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Fig. 2 Aberrant ASEs gene MYH11 in CRC A. Structural representation of MYH11-201 and MYH11-203 isoforms, with the red exon indicating the aber-
rantly skipped exon in CRC, located on the reverse strand of chr16 spanning coordinates 15,708,803 to 15,708,841 B. Distribution of all MYH11 transcript
isoforms, totaling 13 transcripts C. Expression levels of the MYH11 gene in paired tissues, showing higher expression in normal tissues compared to tumor
tissues. The blue bars for normal tissues, orange bars for tumor tissues. S1-S5:sample1-sample5 D. TPM values of MYH11-201 and MYH11-203 in paired
samples, both showing lower expression in tumor tissues. TPM: Transcripts Per Million E 3D protein structures of MYH11-201 and MYH11-203 isoforms. It
reveals conformational divergence in the coiled-coil tail F. G. PSI values of MYH11-201 and MYH11-203, with MYH11-203 exhibiting lower relative expres-
sion in tumor tissues compared to normal tissues, while MYH11-201 shows the opposite trend

E). It prompted us to further investigate the functional
domain of this exon.

Exploring domain-domain interactions (Fig. 3F), we
identified that the exon related PF00063 domain exerts
influence over multiple domains in cancer-associated
genes, including tumor suppressor genes such as INF2
[34] and POC2A [35], as well as tumor driver genes like
MYOSA [36], MYOIE [37], ACTR3 [38], and ACTB
[39]. Notably, the dual-function gene DYRKIA [40], act-
ing as both a tumor suppressor and an oncogene, was
also impacted by this domain interaction. These find-
ings underscore the critical role of the skipped exon in
MYHI1.

Mining differential RNA modifications in CRC

Through sequencing of five paired tissues, the differen-
tial RNA modification profile in CRC patients displayed
a widespread distribution across the genome (Fig. 4A,
Table S2). The distribution of 5-mers, where the propor-
tion of C bases before G modification was lower than
other bases, was not perfectly uniform (Fig. 4B). This
suggests that the detected differential signal sites exhibit
specific base preferences, indicating they are likely non-
random biological events.

After filtering differential RNA modification sites by
|diff mod rate | > 0.15, these modifications could be cat-
egorized into significantly up or down-regulated sites
(Fig. 4C). The distribution of RNA site modification
rates indicates a tendency towards a normal distribu-
tion (Fig. 4D). Exons showed the highest enrichment of
differential modification sites, followed by 3'UTRs, with
log2 Ratios (obs/exp) of 5.387 and 4.925, respectively.
The third most enriched region was 5UTRs (Fig. 4E),
which differential modification sites enriched top regions
are closely associated with gene function. The last two
regions were intron and intergenic, likely due to Nano-
pore direct RNA sequencing depended on poly(A) tails,
biases towards detecting mature RNAs.

Mining regulation pairs between differential RNA
modifications and aberrant ASEs

The reciprocal regulatory relationships between RNA
modification and alternative splicing were being investi-
gated. In previous studies, limited researches have delved
into the regulatory interactions between RNA modifica-
tions and ASEs due to technological constraints. There-
fore, in our research, we are pioneering the exploration

of these regulatory interactions using a single sequencing
technology that is not influenced by other technologies.
Utilizing the analysis pipeline, we have identified regula-
tory pairs of RNA modification and ASEs (Fig. 5A). For
gene MYH11, two distinct differential RNA modification
sites were identified that likely regulate its ASEs (Fig. 5B).
The comprehensive analysis has revealed a total of 304
cis-regulation pairs (Table S3). Upon narrowing our
focus to cis-regulation pairs, we observed that the distri-
bution of the 5-mer base does not exhibit a specific trend
(Fig. 5C). The absence of a dominant sequence motif pat-
tern strengthens the possibility that non-linear features,
such as RNA secondary or tertiary structure, mediate
the functional coupling for a subset of our identified
pairs. Furthermore, the differential modification rate of
these cis-regulation pairs’ distribution continues to dis-
play a propensity towards a normal distribution (Fig. 5D).
The distribution of up-regulated modification sites in
cis-regulation pairs totals 111, while down-regulated
sites amount to 122 (Fig. 5E), with an even distribution
observed. Interestingly, the relative gene position of these
sites is predominantly concentrated at the beginning of
the gene (Fig. 5F). The identification of these potential
regulatory pairs is crucial for shedding light on additional
research about RNA modifications within tumors.

RNA modification related enzymes and splicing related
proteins in CRC

We employed a suite of RNA modification associated
enzymes, including m5C and m6A regulators (read-
ers, writers, and erasers), as well as splicing-related
proteins such as hnRNP and SR family members, to
identify potential regulatory relationships between dif-
ferential RNA modification sites and aberrant ASEs. This
approach was taken to investigate the potential func-
tional relevance of these regulatory pairs.

The expression patterns of m6A-related enzymes are
shown in Fig. 6A and mC-related enzymes in Figure S1.
Analysis of CRC samples identified two EIF3A alternative
splicing transcripts, EIF3A-201 and EIF3A-203, which
display distinct profiles of putative modification sites.
Based on predicted regulatory interactions, seven tran-
scripts associated with putative RNA modifications were
found to be linked to modification sites in EIF3A-201
(Fig. 6B, Table S5). Among these, three genes—NACA
(nascent polypeptide-associated complex subunit alpha),
LDB1 (LIM domain-binding 1), and PPP3CB (protein
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phosphatase 3 catalytic subunit beta)—have been previ-
ously implicated in cancer pathogenesis (Table S6). Func-
tional annotation indicated associations of NACA with
extracellular exosome processes, LDB1 with Wnt signal-
ing and transcriptional regulation in cancer, and PPP3CB
with T-cell receptor and NFAT signaling pathways.

Splicing-related protein expression is summarized in
Fig. 6C. Two alternative splicing isoforms, SRSF1-206 and
SRSF6-202, were detected in CRC. Consistent with the
earlier approach, putative RNA modification-associated
transcripts were identified for each: seven corresponding
to SRSF6-202 and eighteen to SRSF1-206 (Fig. 6D, Table
S5). Several of these transcripts, highlighted in red in the
network, represent cancer-functional genes involved in
Wnt and Notch signaling pathways, as well as in cellular
processes such as proliferation, apoptosis, and migration
(Table S6).

Discussion
Long read sequencing can help detect aberrant ASEs. In
our research, we identified a total of 263 aberrant ASEs,
the majority of which were enriched in critical cancer-
related pathways, including the Wnt signaling pathway.
Within the interaction network, the ribosomal gene
RPS24 emerged as the top-degree node, corroborat-
ing previous research that linked alternative splicing of
RPS24 to cancer [32]. Other prominent nodes, such as
GSK3B, FN1, and MYH11, were also identified; GSK3B is
known to be associated with tumor cell survival and pro-
liferation in CRC [24], while downregulation of FNI has
been shown to inhibit tumor cell proliferation, migration,
and invasion [29]. Particularly noteworthy is the cancer-
related gene MYHI11, for which the proportion of main
transcripts underwent significant alterations in CRC. The
skipped exon in the MYH11-203 transcript was closely
related to domains of other key cancer genes and the
analysis indicated that it may serve as a potential diag-
nostic candidate, subject to further clinical validation.
Our structural prediction suggests that alternative
splicing of a single exon may induce a rotational shift in
the transmembrane domain of isoform MYH11-203. This
conformational change is predicted to potentially influ-
ence functional consequences. This rotation remodels
the interaction interface, enabling each isoform to engage
distinct downstream effectors and ultimately adopt diver-
gent signaling outputs and functional roles. Furthermore,
the altered TMD geometry may affect subcellular local-
ization by modulating integration into lipid microdo-
mains or recognition by cellular trafficking machinery.
The model illustrates how alternative splicing might fine-
tune protein function not only through linear sequence
changes but also via allosteric structural rearrangements,
providing a sophisticated mechanism for functional
divergence from a single gene. This finding draws new
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attention to aberrant ASEs in cancer, particularly exon
skipping, and informs future drug design efforts targeting
these critical regions.

RNA modifications have often been overlooked in
most studies, primarily due to the difficulty of integrating
these modifications with gene expression. In our study,
we utilized direct RNA sequencing to simultaneously
quantify RNA modifications and gene expression. The
level of RNA modification was quantified as a modifica-
tion rate, which was transformed into an integer matrix.
By employing linear regression incorporating covariates
such as age and gender, we identified cis-regulatory pairs
and trans-regulatory pairs. Notably, multiple trans-reg-
ulatory pairs were detected, but focusing solely on the
relationships between modification rates and the expres-
sion of ASEs is insufficient. To ensure their accuracy, it
is essential to consider spatial interaction information
among these pairs.

Nanopore direct RNA sequencing enables researchers
to uncover various types of differential RNA modifica-
tions in CRC. During the analysis, we observed that dif-
ferent types exhibited specific base preferences in their
flanking sequences (Fig. 4B). Crucially, by integrating
these sites with the expression of specific m6A and m5C
regulators, we were able to characterize potential regula-
tory networks (Fig. 6). This approach indicated that the
majority of these putative RNA modification sites were
enriched in gene exons. The characterization of binding
motifs for methyltransferases, demethylases, and m6A
readers has significantly advanced this field. To date,
more than 150 distinct RNA modifications have been
identified in cellular RNAs, necessitating simultaneous
investigations of individual motifs. These findings sug-
gest that there are significant differences in RNA modi-
fications between CRC and normal tissues, providing
valuable insights into the RNA modification mechanism
underlying this disease. Further research in this area
could help in the development of targeted therapies for
CRC.

The lack of a dominant linear motif among the RNA
modification-ASE pairs suggests that their regulation
may not rely solely on sequence codes (Fig. 5C). Instead,
this finding points to the involvement of non-linear fea-
tures, such as RNA structural elements. Modifications
like m6A can alter local RNA folding, thereby creating or
masking binding sites for splicing regulators. This struc-
ture-mediated mechanism provides a plausible explana-
tion for the observed complexity and context-specificity
of the interactions, representing a crucial direction for
future validation using advanced structural probing
techniques.

Based on our systematic screening of regulatory pairs
linking RNA modification enzymes (m5C/m6A regula-
tors) and splicing factors (hnRNPs/SR proteins) with
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Fig. 3 Aberrant Skipped exon in MYH11-203 A. The skipped exon ENSE00001632812 in MYH11-203. The protein domain was in pink and skipped exon
in red B. PSI values of ENSE00001632812 in paired tissues, with blue bars representing normal tissues and orange bars representing tumor tissues C. The
ASE in MYH11 were detected by RT-PCR D. The exon usage of MYH11 in TCGA COAD cohort. The red exon is ENSE00001632812 E. The expression level
of ENSE00001632812 from TSVdb significantly different between normal and tumor tissues F. The PFO0063-related domain-domain interaction network.

The blue triangles represent Pfam domains and grey circles are genes

alternative splicing transcripts, we have characterized
potential associations between post-transcriptional
regulation layers in CRC. The identified relationships,
such as those between modifications in EIF3A-201 and
transcripts of NACA and LDBI, connect specific splic-
ing events to key cancer pathways, including Wnt and
immune signaling. Similarly, the extensive network of
transcripts linked to RNA modifications in SRSF1-206
and SRSF6-202 highlights a coordinated mechanism
potentially governing oncogenic processes like prolifera-
tion and apoptosis. These findings strongly suggest that
the interplay between differential RNA modifications
and aberrant splicing is not merely coincidental but may
represent a critical functional axis contributing to CRC
pathogenesis. The identified regulatory pairs provide
a valuable resource for understanding the mechanistic
basis of RNA dysregulation in tumors and for identifying
potential therapeutic targets.

We acknowledge several limitations in our study,
primarily concerning the sample size of the discov-
ery cohort. As a pilot investigation utilizing Nanopore
direct RNA sequencing, our analysis was restricted to
five paired CRC tissues. While this sample size allowed
for the detailed characterization of complex splicing
isoforms and RNA modifications, it inherently limits
statistical power and may not fully capture the exten-
sive inter-patient heterogeneity characteristic of CRC.
Furthermore, we acknowledge the lack of extensive
experimental validation. This limitation stems from the
specific requirements of Nanopore direct RNA sequenc-
ing, which demands high input amounts of native
poly(A) + RNA. Following the discovery phase, the avail-
able high-quality biological material from these clinical
samples was almost exhausted, precluding further wet-
lab assays. Consequently, this study is positioned as a
computational and exploratory analysis. Some identified
events might be specific to this cohort, and subtle splic-
ing changes could have been overlooked. To mitigate the
risk of false positives associated with a small sample size,
we applied stringent filtering criteria, including a biologi-
cal effect threshold and gene-level statistical correction.
Furthermore, we prioritized the external validation of our
key finding, the MYH11 exon skipping event, using the
large-scale TCGA dataset, which confirmed its robust-
ness. Furthermore, while AlphaFold3 provided structural
insights, we did not perform in vitro functional assays to
experimentally validate the biological consequences of
the MYH11 exon skipping. Therefore, the downstream

effects on tumor progression described herein remain
hypothetical and warrant future experimental verifica-
tion. Nevertheless, the other identified ASEs and regula-
tory pairs should be regarded as preliminary candidates.
Future studies involving larger, multi-center clinical
cohorts are essential to independently validate these tar-
gets and rigorously establish their diagnostic or thera-
peutic utility before clinical translation.

Materials and methods

Patients and samples

CRC patients were recruited from Beijing Hospital.
All patients had newly diagnosed stage II and III CRC
within one year prior to recruitment, with histological
confirmation and no prior treatment with chemother-
apy, immunotherapy, or radiotherapy. Paired tumor and
tumor-adjacent normal tissues from five patients were
obtained from the surgically removed at Beijing Hospi-
tal. All the Patients were microsatellite stability and there
were no restrictions on age, gender, or smoking status in
this small pilot study. Fresh tissues were collected imme-
diately and stored in liquid nitrogen before testing and all
samples were examined by experienced pathologists.

Nanopore direct RNA sequencing and data quality control
Total RNA was isolated using the TRIzol Reagent
(Thermo Fisher Scientific) following the manufacturer’s
instructions for steps of RNA precipitation, washing, and
solubilization. The quality of RNA was checked by Capil-
lary Electrophoresis System and at least 300ng of poly(A)
tailed RNA was reserved for Oxford Nanopore Direct
RNA Sequencing. The RNA library preparation was
constructed following the manufacturer’s instructions
(version: DRS_9195_v4_revB_20Sep2023). The Oxford
Nanopore sequencing platform PromethION with an
FLO-PROO04RA (Oxford Nanopore Technology) was
utilized for RNA library sequencing. The EXP-WSH004
flow cell wash kit (Oxford Nanopore Technology) and the
SQK-RNAO004 direct RNA Sequencing Kit (Oxford Nano-
pore Technology) were used for direct RNA sequencing.
After the library samples passed quality checks, they
were added to the chip.

The raw electronic signals were collected by
MinKNOW software (v23.11.8) [41]. To ensure high-
quality data generation, basecalling was performed using
Dorado (v0.7.2) with the high-accuracy model. We imple-
mented a strict quality control workflow where only reads
with a mean Quality Score > 9 were retained to minimize
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Fig. 4 Differential RNA modification sites in CRCA. Differential modification rate between five paired tumor and normal tissues. The top part of the figure
shows the differential modification rates, with each circle representing a sample and the sites of differential RNA modifications indicated. The bottom part
illustrates differential RNA modifications in one paired tissue. The intensity of red color indicates a great tendency for modifications exist in these regions.
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sequencing error rates, consistent with the requirements
of the SQK-RNA004 chemistry. Notably, as direct RNA
sequencing is a PCR-free method that sequences native
RNA molecules, identical reads were considered genuine
biological duplicates rather than PCR artifacts; therefore,
computational duplicate removal was not applied to pre-
serve the accurate quantification of transcript abundance.

Aberrant ASEs in CRC

Differential splicing analysis was performed using
SUPPA2 [49] with the empirical method. To ensure the
reliability of the identified events, we applied a strin-
gent filtering strategy. The PSI metric was computed to

indicate relative abundances, while APSI, calculated as
PSI tumor minus PSI normal, provided insights into
splicing alterations between tumor and normal samples.
First, transcripts with low expression were excluded using
a default abundance threshold (TPM > 1.0). Second, sig-
nificant splicing events were defined based on a dual
criterion combining biological effect size and statistical
significance: (1) an absolute change in PSI (JAPSI|>0.05),
implemented via the --lower-bound parameter to capture
biologically relevant alterations; and (2) a significance
threshold of P-value < 0.05. Notably, we utilized the
gene-correction feature in SUPPA2 to correct for mul-
tiple testing arising from multiple events within the same
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gene, thereby reducing false positives associated with
transcript-level variability. The exon usage of MYHI11 in
TCGA COAD dataset was downloaded from TSVdb [42].

Visualization of ASEs was carried out using the R
package pheatmap (https://github.com/raivokolde/phe
atmap), while enrichment analysis was conducted using
the David [43] and protein-protein interaction (PPI)
and domain-domain interaction (DDI) networks were
explored using Diggger [44]. Gene and transcript quan-
tification was performed using Featurecount [45] and
Nanocount [46], enhancing the comprehensive analysis

of splicing dynamics in CRC. The three-dimensional
structures of protein isoforms using AlphaFold3 [47] and
subsequently performed a structural alignment with TM-
align [48].

RNA extraction and RT-qPCR

Total RNA was isolated from the tissue using TRIzol
reagent. Reverse transcription was performed using the
FastKing one-step de-genomic cDNA first strand syn-
thesis premix reagent according to the manufacturer’s
instructions. Quantitative real-time PCR (qRT-PCR) was
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carried out on an Applied Biosystems™ QuantStudio™ 5
using PowerUp SYBR Green Master Mix. Human f-actin
was used as an internal control to normalize the relative
expression levels. The primer sequences used were listed
in Table S4. The data was expressed as the mean+SD.
The differences between two groups were analyzed using
the unpaired ¢-test.

Differential RNA modification profiling in CRC

After obtaining the pod5 files, the pod5_convert_to_
fast5.py script (https://github.com/nanoporetech/pod5
-file-format) was utilized to convert the pod5 file format
into fast5 files to meet the requirements of other tools.
Subsequently, Dorado software (v0.7.2) (https://github
.com/nanoporetech/dorado) was employed for baseca
lling from the pod5 files. The xPore (v2.0) [49], includ-
ing dataprep, diffmod, and postprocessing modules, was
then utilized to identify and analyze differential RNA
modification sites. It is important to note that xPore
detects significant deviations in electrical current signals,
which indicate the presence of differential modifications
but do not chemically identify the specific modification
type. Consequently, these events are referred to as dif-
ferential RNA modification sites, and their potential
biological identities were inferred based on their regu-
latory associations with specific modification enzymes.
For mapping precision, clean reads were aligned to the
Gencode v35 reference genome using minimap2 (v2.17-
r941) [50] with the splice-aware preset (-ax splice) to
effectively handle long-read spanning junctions, while
secondary and supplementary alignments were filtered
using samtools (v1.11) [51] to ensure mapping specificity.
To further reduce noise, Nanopolish (v0.13.2) [52] was
utilized to perform “resquiggling’, aligning raw electri-
cal events to the reference sequence to improve resolu-
tion for modification detection. The analysis was guided
by the optimized cutoffs at sequencing coverage depths
[53], including a threshold of |diff mod_rate_KO_vs_
WT|>0.15. Visualization of results involved the utiliza-
tion of the R packages CMplot [54] and SRplot [55] for
visualizing chromosome distribution and displaying
5-mer bases. Furthermore, Homer (v4.11.1) [56] anno-
tatePeaks.pl was employed for the annotation analysis
phase.

Combine mining RNA modification and ASE regulation
pairs in CRC

Like xQTL studies, we integrated RNA modification
matrix with ASEs to explore the interplay between these
two regulatory mechanisms. For analysis, we employed
the R package MatrixEQTL [57] for fast combination
analysis by using linear regression with either additive or
ANOVA genotype effects.

Page 13 of 15

To enable efficient regression analysis, we converted
the modification rate matrix into an integer matrix, with
patient gender and age included as covariates in the
regression models. The relative position within a gene
was determined by dividing the gene’s position by its
length, allowing for a comprehensive understanding of
the distribution of regulatory elements in the gene.
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