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our data with the nearly 168,000 epithelial cells of the 
Human Colon Cancer Atlas (c295) (Pelka et al., 2021). To 
mitigate the potential impact of cell number differences 
compared to our dataset, we randomly partitioned the 
c295 dataset into 5 cohorts with equal cell numbers. 
All cell types, from both normal and cancer epithelium, 
were well matched with the consistent identity of the 
c295 dataset in every reproducible integration (Fig. S1I 
and Methods).

Of note, cell type-specific markers such as LCN2, 
PLA2G2A and TFF3 express more than one isoform, high-
lighting the coarse nature of gene-level relative to RNA 
isoform-level characterization, and the non-negligible 
functions of transcript variants (Fig. 1C). Benefiting from 
the isoform-level distinguishability of long read sequenc-
ing, we identified 1,137 significantly upregulated iso-
forms and 271 downregulated isoforms in cancer cells. 
Programs strongly enriched in cancer cells included 
splicing via transesterification reactions, positive Cajal 
body region and ncRNA processing metabolic process 
(Fig. 1D and Methods), which are closely involved in RNA 
splicing machinery including ribonucleoprotein (RNP) 
formation (Liu et al., 2021; Love et al., 2017). Notably, the 
expression levels of splicing factor genes (as defined by 
GO annotations ‘RNA splicing’ and ‘spliceosomal com-
plex’) increased in cancer cells, confirming the greater 
activity of splicing alteration characteristic of CRC 
transcriptomes (Fig. 1E). Additionally, we inferred large-
scale chromosomal copy number alterations (CNAs) of 
cells using normal cells as reference (Fig. 1F). The result 
mainly detected copy number gains of 7q, 8q, 13q, and 
20q, as well as copy number losses of 14q, 15q, and 18q 
(Cancer Genome Atlas Network, 2012; Mamlouk et al., 
2017), reflecting the heterogeneities among patients, con-
sistent with the cell clustering results described above.

Systematic characterization of full-length 
transcriptome complexity in CRC
To explore the extent of transcriptome complexity in 
CRC, we characterized the splice junctions and structures 
of the full-length isoforms. The reliability and accuracy 
of the assembled transcriptome were first substantiated 
by quality indications using SQANTI3 (Tardaguila et al., 
2018), including reverse transcriptase template switch-
ing (RTS) artifacts, canonical/non-canonical splicing 
junctions, overlap status with CAGE (Cap Analysis Gene 
Expression) peak and poly(A) tails (Fig. 2A and Methods). 
Based on the splice junctions matching with reference 
transcripts by SQANTI3, the 29,429 isoforms were fur-
ther classified into 4 categories: Full Splice Match (FSM), 
known transcripts matching all SJs perfectly; Incomplete 
Splice Match (ISM), known transcripts matching SJs par-
tially; Novel In Catalog (NIC), novel transcripts with a 
new combination of known donor/acceptor sites; Novel 
Not in Catalog (NNC), novel transcripts with at least one 

new splice site, accounting for 84.3%, 4.3%, 9.4%, and 
1.9% of the identified isoforms, respectively (Fig. 2B, 2C; 
Table S3 and Methods).

Next focusing on the differences in transcriptomic 
feature, we observed that cancer cells expressed higher 
numbers of both RNA isoforms (6,427 vs. 3,966 isoforms 
per cell) and genes (4,283 vs. 2,861 genes per cell) than 
normal epithelium. Moreover, the same trends were pre-
served after down-sampling by the same cell number 
and sequencing depth (Fig. S2A). Due to strict filtering to 
retain the most accurate isoforms, the fractions of FSM 
isoforms in both normal epithelium and cancer cells 
were very high. The fraction of novel transcripts was 
slightly higher in cancer cells (10.1%) than in normal 
epithelial cells (9.9%) (Fig. 2D), the difference of which 
was not as large as in other cancer-related long-read 
RNA-seq datasets (Huang et al., 2021; Veiga et al., 2022). 
However, we did observe that cancer cells expressed a 
greater variety of isoforms, indicating a greater number 
of specific alternative splicing events to generate higher 
transcript diversities in cancer cells (Fig. 2E). The same 
conclusion was confirmed by the distribution of RNA iso-
form expression within the same gene. 51.1% of genes in 
cancer cells expressed more than one isoform, which was 
6.2% higher than in normal epithelium (44.9%) (Fig. 2F). 
Within each gene, the expression of isoforms displayed a 
distinct bias, with the most abundant two isoforms col-
lectively accounting for over 90% of the expression (Fig. 
2G). These results were further substantiated through 
down-sampling analysis (Fig. S2B–I).

APA leads to shorter 3′-UTRs preferentially in 
stem/TA-like cancer cells
Structure annotations and quantifications of alterna-
tive RNA isoforms within a gene, which involve different 
choices of sequence elements including untranslated 
regions (UTRs), lay the foundation for interpreting 
post-transcriptional regulation of mRNA stability and 
translational efficiency. In our long-read scRNA-seq data, 
about 46.0% and 48.1% of genes were found to express 
two or more 3′-UTRs and 5′-UTRs, respectively (Figs. 3A 
and S3A). To explore UTR alteration in colorectal cancer, 
we defined gene UTR deviation (Methods) measuring the 
changes in UTR length in each cell compared to normal 
epithelium as the baseline. Specifically, we first com-
puted the expressed UTR length for each gene in each 
cell by averaging the UTR lengths of different isoforms 
weighted by their respective expression (Agarwal et al., 
2021). Gene UTR deviation of each cell was then calcu-
lated by subtracting the mean expressed UTR length in 
normal epithelium.

We projected mean 3′-UTR deviation across all genes 
onto the t-SNE map and observed a global shortening 
of 3′-UTRs in cancer cells (Fig. 3B), which was mostly 
enriched in stem/TA-like cells instead of immature 

https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwaf049#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwaf049#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwaf049#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwaf049#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwaf049#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwaf049#supplementary-data
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goblet-like cells (Fig. 3C). Similarly, cancer cells exhib-
ited 5′-UTR shortening, although less pronounced than 
the shortening observed in the 3′-UTR, with a notable 
enrichment in stem/TA-like cancer cells (Fig. S3B and 
S3C). Thereupon, we sought differential 3′-UTR genes 
between stem/TA-like (cancer) and stem/TA (normal) 
cell types and identified 542 3′-UTR shortened genes 
and 220 3′-UTR lengthened genes (Fig. S3D; Table S4, 
and Methods). The former was significantly enriched in 
RNA splicing-related programs and ribonucleoprotein 
complex biogenesis, while the latter showed little to no 
significant enrichment in GO terms (Fig. 3D). In addition, 
we conducted an analysis to calculate the correlation 
between 3′-UTR deviation and the expression of cleav-
age and polyadenylation (CPA) regulators, as previously 

summarized in research (Gruber and Zavolan, 2019; 
Kowalski et al., 2023). Notably, SRSF3, CPSF3, FIP1L1, 
CTR9, NUDT21, and CSTF2, among others, were found to 
exhibit a more significant contribution to the differential 
3′-UTR gene expression in colorectal cancer (Fig. S3E). 
For 5′-UTR, despite the identification of 476 genes with 
shortened 5′-UTRs and 186 with lengthened 5′-UTRs, 
none exhibited enrichment in GO terms (Table S4).

To evaluate the regulatory effects of 3′-UTR variation 
on gene expression, we conducted a correlation anal-
ysis between UTR deviation and expression levels for 
3′-UTR shortened genes and lengthened genes, respec-
tively. In the case of genes with shortened 3′-UTRs, 
an overwhelmingly clear correlation was observed 
between 3′-UTR length shortening and an increase in 
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Figure 2.  Characterization of the assembled full-length transcriptome in CRC. (A) Quality control metric for the annotated isoforms. 
(B) Classification of transcript isoforms based on the splice junctions matching with reference transcripts. Diagram illustrating the 
classification of isoforms based on splice junction matches to the reference transcriptome, categorized into Full Splice Match (FSM), 
Incomplete Splice Match (ISM), Novel In Catalog (NIC), and Novel Not in Catalog (NNC). (C) Donut chart displaying the distribution 
of isoform categories and subcategories. (D) Bar plots presenting the total number of (left) and the percentage of (right) isoform 
categories in normal epithelium and cancer cells. (E) UpSet plot showing the number of isoforms shared between cancer cells and 
normal epithelium. (F) Stacked bar plot illustrating the distribution of genes grouped by the number of expressed isoforms (1, 2–3, 
4–5, and ≥ 6) in normal epithelial and cancer cells. (G) Box plot showing the percentage of genes with varying isoform counts in 
normal epithelium and cancer cells. Statistical significance was determined using the two-tailed Wilcoxon rank-sum test, with 
****P < 0.0001.
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Figure 3.  Analysis of 3′-UTR length variations and regulation on gene expression. (A) Histogram showing the distribution of the 
number of 3′-UTRs per gene. (B) t-SNE visualization of the mean 3′-UTR deviation of all genes across individual cells. Each point 
represents a single cell, with the color scale indicating the extent of 3′-UTR length deviation (yellow, shortening; blue, elongation). 
(C) Violin plot of 3′-UTR deviation across different cell types in CRC. (D) Bubble plot displaying top 10 GO terms enriched for genes 
with significantly shortened 3′-UTR in cancer cells. The color represents significance and the size represents the number of genes 
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RNA abundance of the corresponding genes (Fig. 3E and 
3F). For example, CD44 (Chen et al., 2018), ARIH2 (Geng 
et al., 2022), CSDE1 (also known as UNR) (Wurth et al., 
2016), CYB5B (Murphy et al., 2010), SF3B1 (Alors-Perez et 
al., 2021), and RCN2 (Ding et al., 2017; Ning et al., 2023), 
which have been reported to be overexpressed in cancer, 
showed an increased proportion of shorter 3′-UTRs, pri-
marily as a result of alternative cleavage and polyade-
nylation (APA) (Fig. 3G–J). These shorter 3′-UTRs were 
associated with a reduction in microRNA binding sites, 
as shown by the microRNA target site predictions from 
TargetScan database (McGeary et al., 2019) (Fig. 3G–J), 
which potentially enhance mRNA stability and transla-
tional efficiency (Mayr and Bartel, 2009; O’Brien et al., 
2018). This result suggests a more intricate regulation 
of gene expression than previously recognized. For the 
genes with lengthened 3′-UTRs, no one-sided correlation 
was observed (Fig. S3F and S3G). Similarly, for genes with 
shortened or lengthened 5′-UTRs, we observed trends 
akin to those seen with 3′-UTR variation, albeit with a 
less pronounced effect on gene expression (Fig. S3H and 
S3I). These findings reveal that 3′-UTR shortening is a 
prominent feature in colorectal cancer, likely promoting 
gene overexpression by mitigating microRNA-mediated 
regulation.

Splicing regulation and dynamics in colorectal 
cancer
Building on the established expression profiles of splic-
ing factors and the comprehensive catalog of full-length 
transcripts, we delved deeper into the alternative splic-
ing events and their potential modulation by SFs in 
colorectal cancer. Alternative splicing can be divided 
into 6 types including skipping exon (SE), retained 
intron (RI), alternative 5′ splice-site (A5), alternative 3′ 
splice-site (A3), alternative first exon (AF), alternative 
last exon (AL), mutually exclusive exons (MX) (Fig. 4A). 
We conducted differential alternative splicing (DAS) 
analysis using the SUPPA method (Trincado et al., 2018) 
with criteria set at P-value < 0.05 and the difference in 
percent spliced in (ΔPSI) ≥ 10% between stem/TA-like 
(cancer) and stem/TA (normal) cell types in each patient 
(Fig. S4; Table S5 and Methods). A total of 889 unique 
DAS events were identified, of which SE predominated, 
followed by AL, RI, A5, and A3 (Fig. S5A). Notably, stem/
TA-like cancer cells demonstrated a marked inclina-
tion towards diminished intron retention (Fig. S5B). The 
UpSet plot further illustrates a substantial degree of 

inter-patient heterogeneities in alternative splicing pat-
terns, underscoring the variability in splicing regulation 
across different patients (Fig. 4B). Genes with shared 
AS events in at least three patients were enriched in 
biological processes such as RNA processing, response 
to wounding, cell cycle regulation and cellular motility, 
suggesting their potential common oncogenic roles in 
tumor progression (Fig. S5C).

To explore the regulation between splicing factors 
and alternative splicing, we calculated Pearson correla-
tion coefficients between percent spliced in (PSI) matri-
ces of these DAS events and gene expression matrix 
of up-regulated splicing factors in stem/TA-like cells 
(cancer) compared with stem/TA cells (normal) (Fig. 
4C). Hierarchical clustering analysis classified these 
DAS events into two distinct clusters. Notably, clusters 
1 and 2 exhibited negative and positive correlations 
with splicing factor expression, respectively. Cluster 1 
was significantly enriched in intron retention events, 
whereas cluster 2 showed a notable depletion of such 
events (Fisher’s Exact Test, P-value < 1.57 × 10−3, Fig. 4D). 
Among the most strongly correlated SFs are HSPA8, a key 
member of the heat shock protein 70 kDa (HSP70) fam-
ily; SNRPB, a core component of small nuclear ribonu-
cleoproteins (snRNPs) within the spliceosome; LSM4, an 
essential part of the LSM2-8 complex which associates 
with U6 small nuclear RNA (snRNA); and members of the 
heterogeneous nuclear ribonucleoprotein (hnRNP) fam-
ily, specifically HNRNPH2 and HNRNPA2B1. These splic-
ing factors demonstrated positive correlations with the 
differential alternative splicing of genes ANXA2, PLSCR1, 
YWHAZ, ERP29, TMEM123, and CTSD. In contrast, they 
showed negative correlations with the alternative splic-
ing of AZIN1, EWSR1, CTNNA1, CDH17, CD151, and CD46 
(Fig. 4C). These specific SF-AS regulatory programs could 
potentially play pivotal functional roles in the onset and 
progression in colorectal cancer.

Next, we explored the dynamic regulation of alterna-
tive splicing during CRC progression. The inferred pseu-
dotime trajectory revealed three distinct states, reflecting 
the differentiation continuum of epithelial cells in CRC, 
as exemplified by patient CRC01 (Fig. S6A). The trajec-
tory structure suggests a branched differentiation pro-
cess, with State 1 representing an early/pre-branch stage 
(corresponding to normal stem/TA cells), which subse-
quently bifurcates into State 2 (differentiated normal 
epithelium) and State 3 (cancer cells). Notably, the num-
ber of mutations inferred from long-read scRNA-seq per 

contained in the GO terms. (E and F) Volcano plots of spearman correlation between 3′-UTR deviation and gene expression in 
significant 3′-UTR shortened genes. In panel (E), the dot color represents 3′-UTR deviation difference between stem/TA-like cells 
and stem/TA cells, and the dot size represents false discovery rate (FDR) value of spearman correlation. In panel (F), the dot color 
represents the log2(fold change of DEGs) between stem/TA-like cells and stem/TA cells, and the dot size represents the significance 
of DEGs. (G–J) Representation of isoform structures, microRNA binding sites (top), and corresponding expression levels (bottom) for 
representative genes with significant 3′-UTR shortening: (G) CD44, (H) ARIH2, (I) CSDE1 and (J) CYB5B.

https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwaf049#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwaf049#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwaf049#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwaf049#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwaf049#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwaf049#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwaf049#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwaf049#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwaf049#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwaf049#supplementary-data
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cell increased along pseudotime in the cancer cell tra-
jectory, indicating a progressive accumulation of genetic 
alterations and increased malignancy during tumor evo-
lution within the same patient.

We analyzed differentially expressed splicing factors 
across pseudotime states (Fig. S6B). Notably, State 3 
(cancer cells) exhibited a greater number of upregulated 
splicing factors compared to the normal epithelium, indi-
cating an enhanced splicing regulatory activity along the 
tumor progression trajectory. Key upregulated factors 
included U4/U6 snRNP components PRPF3 and PRPF4, 
U2 snRNP-associated genes SF3B2, DHX15, HTATSF1, 
SF3A3, and PUF60, C complex factors PPWD1, DDX41, and 
DHX38, as well as U5 snRNP components EFTUD2 and 
DDX23. This suggests an increased splicing regulatory 
activity along the tumor progression trajectory.

We next performed differential alternative splicing 
analysis, identifying two major AS event clusters based 

on hierarchical clustering (Fig. S6C–E). Cluster 1, which 
was upregulated in State 2 (differentiated normal epi-
thelium), was enriched for retained intron (RI) events, 
including EWSR1, CDH17, and CD151. This suggests 
downregulation of intron retention in State 3 (cancer 
cells), indicating a distinct AS regulatory mechanism 
associated with tumor progression.

Together, these findings uncover a dynamically regu-
lated splicing landscape along the CRC differentiation 
trajectory, emphasizing the potential functional signifi-
cance of splicing regulation in tumor progression.

Isoform diversity and alternative splicing in 
iCMS subtypes
Colorectal cancers have been classified into intrinsic-
consensus molecular subtypes (iCMS) based on single-
cell transcriptome profiles (Joanito et al., 2022). iCMS2 
is characterized by elevated MYC and WNT pathway 
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Figure 4.  Alternative splicing characterization and their potential modulation by splicing factors. (A) Schematic representation 
of alternative splicing event types, including skipping exon (SE), retained intron (RI), alternative 5′ splice-site (A5), alternative 3′ 
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activation and higher levels of copy number variations 
(CNVs), whereas iCMS3 exhibits increased MAPK path-
way activity and fewer copy number alterations. To gain 
deeper insights into the molecular distinctions between 
these subtypes, we further investigated isoform diversity 
within the iCMS subtypes.

We first computed module scores for iCMS2 and 
iCMS3 signatures in individual cells using previously 
identified marker genes for these subtypes (Joanito et 
al., 2022). Twelve CRC patients were assigned into iCMS2 
(CRC01, CRC04, CRC05, CRC08, CRC09, CRC10, HTCRC01, 
HTCRC05) and iCMS3 (CRC02, CRC03, CRC07, HTCRC04) 
type (Fig. S7A). Both scRNA-seq-inferred CNV profiles 
and WES CNV data revealed that iCMS2 tumors har-
bored more somatic CNAs than iCMS3 tumors (Figs. 1F 
and S7B). Moreover, gene set enrichment analysis (GSEA) 
comparing iCMS2 and iCMS3 in our dataset aligned with 
previous findings (Joanito et al., 2022), demonstrating 
that MYC activity was mainly upregulated in iCMS2 can-
cer cells, whereas epithelial-mesenchymal transition 
(EMT) and TGF-beta signaling were enriched in iCMS3 
cancer cells (Fig. S7C). These results are consistent with 
prior reports and further validate the accuracy of our 
iCMS patient classification.

We also found that both iCMS2 and iCMS3 subtypes 
exhibited greater splicing factor expression compared 
to normal epithelial cells. Furthermore, for these splic-
ing factors, iCMS3 showed slightly higher activities than 
iCMS2 (Fig. 5A and 5B). In parallel, we observed a consist-
ent trend of UTR shortening in both iCMS2 and iCMS3 
subtypes relative to normal epithelial cells, with iCMS3 
displaying the most pronounced shortening (Fig. 5C). 
This pattern suggests distinct post-transcriptional reg-
ulatory alterations, potentially affecting mRNA stability, 
translational efficiency, and gene expression dynamics 
in a subtype-specific manner.

Next, we performed differential transcript expression 
analysis on epithelial cell long-read transcriptomes. 
RNA isoforms upregulated in iCMS2 include MYC-201, 
MYC-202, RRM1-201, and MCM4-222 in the MYC target 
gene sets, while RNA isoforms upregulated in iCMS3 
include ECM1-202 and LGALS1-201 in the epithelial-
mesenchymal transition dataset (Fig. 5D). We further 
investigated alternative splicing patterns to character-
ize the transcriptomic differences between iCMS2 and 
iCMS3. A total of 46 significantly differential alternative 
splicing events were identified (Fig. 5E; Table S6). For 
example, among isoforms involved in exon skipping of 
RAC1 (SE:7:6392041-6398662:6398718-6400126:+), the 
proportion of RAC1-202 (corresponding to Rac1b) was 
significantly upregulated, while RAC1-201 (correspond-
ing to Rac1) was significantly downregulated in iCMS3 
(Fig. 5F). This finding is consistent with a previous study 
showing that Rac1b promotes tumor cell migration (Fu, 
2017), characteristic of iCMS3 tumors. Similarly, we also 

identified differences in isoform usage between KRAS-
201 (KRAS4a) and KRAS-202 (KRAS4b), as well as between 
USO1-201 and USO1-204 (Fig. 5G and 5H), which have 
been reported as functionally relevant in cancer (Chen 
et al., 2021b; Dong et al., 2022).

These findings indicate extensive isoform diversity 
and alternative splicing in colorectal cancer subtypes 
iCMS2 and iCMS3, with subtype-specific splicing events 
potentially contributing to the underlying molecular 
heterogeneities.

Differential transcript usage in colorectal cancer
To explore the contribution of transcript composition 
differences at the gene level, we performed differen-
tial transcript/isoform usage (DTU or DIU) analysis 
(Methods). We identified 3,548 unique transcripts from 
1,946 genes that exhibited significant proportional dif-
ferences between stem/TA-like cells (cancer cells) and 
stem/TA cells (normal epithelial cells) across 12 CRC 
patients (Fig. S8A; Table S7). Top genes identified with 
significant DTU included THAP4, RTN4, ACOX1, MYC, 
LMNA, EWSR1, RBCK1, TPD52, AZIN1, COMT, RABAC1, 
APH1A, MAP2K2, KRAS, and among others (Fig. 6A). The 
oncogenes MAP2K2 and KRAS exhibited changes in iso-
form proportions, despite no significant alterations in 
their overall gene expression levels, which indicates that 
their distinct RNA isoforms may have different func-
tions in colorectal cancer. In addition, the proportion of 
the APH1A-203 and RABAC1-201 isoforms, which were 
upregulated in our data, exhibited a progressive increase 
across cancer stages in the TCGA cohort. Conversely, 
the proportion of the downregulated APH1A-202 and 
RABAC1-202 isoforms displayed a decreasing trend with 
disease advancement (Fig. S8B–E). Further, we identified 
63 RNA isoforms whose altered proportions correlated 
with the survival outcomes of the patients. Notably, if 
counted at the individual gene level instead of individ-
ual RNA isoform level, 60 of these isoforms showed no 
correlation with the survival of the patients, highlight-
ing the importance of isoform-level analysis. Isoforms 
with increased proportions in stem/TA-like cells (cancer 
cells) were linked to worse survival, such as COMT-202, 
TTC39A-216; while increased proportions in stem/TA-like 
cells (cancer) indicated better prognosis, such as STAG2-
203 and CCND3-203 (Fig. S8F). These findings suggest a 
potential clinical relevance of these isoform-specific 
expression dynamics, highlighting their possible roles in 
tumor progression and molecular subtyping.

Interestingly, on average, 74.0% of the DTU genes 
in each patient did not overlap with the differentially 
expressed genes, suggesting the masked heterogeneities 
that often exists within a single gene locus (Fig. S9A). 
There is also minimal overlap between DTU transcripts 
and differentially expressed transcripts, suggesting 
that changes in absolute abundance do not necessarily 

https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwaf049#supplementary-data
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Figure 5.  Transcript level characteristics in iCMS2 and iCMS3 epithelial long-read transcriptomes. (A) Box plot showing the 
number of splicing factors grouped by low, medium, and high expression levels in normal epithelial cells, iCMS2 and iCMS3 
cancer cells. Statistical significance was determined using the two-tailed Wilcoxon rank-sum test, with ns indicating no significant 
difference, **P < 0.01, and ****P < 0.0001. (B) Ternary plot depicting the expression distribution among normal epithelial cells, iCMS2, 
and iCMS3 cancer cells. Each point represents a splicing factor, with its position indicating the relative expression across the three 
groups. Color intensity represents the log₂(fold change) (log2FC) between iCMS3 versus iCMS2, with red indicating upregulation and 
purple indicating downregulation. Contour lines denote the density of genes within specific regions. The dashed triangle highlights 
the central cluster of gene expression patterns. (C) Box plot showing the length deviation of 3′-UTR (top) and 5′-UTR (bottom) in 
normal epithelial cells, iCMS2 and iCMS3 cancer cells. Statistical significance was determined using the two-tailed Wilcoxon rank-
sum test, with ****P < 0.0001. (D) Heatmap showing differentially expressed transcripts (DETs) across iCMS2, iCMS3, and normal 
epithelium samples. Significant differential expressed transcripts were classified as “Up” or “Down” in an iCMS subtype only if they 
were consistently upregulated or downregulated compared to both the other iCMS subtype and normal epithelium, with a fold 
change ≥ 2 and a P-value < 0.05. (E) Volcano plot displaying significant differentially alternative splicing (DAS) events between iCMS2 



Deciphering single-cell full-length RNA isoforms in colorectal cancer  |  883

Pr
ot

ei
n

 &
 C

el
l

reflect alterations in isoform usage, which may indicate 
preferential transcript selection by genes under specific 
conditions (Fig. S9B). Notably, an average of 50.0% of DTU 
genes exhibited significant coding sequence (CDS) alter-
ations exceeding 20 bp, with a median CDS length differ-
ence of 445 bp and changes of three exons. Furthermore, 
70.1% of these genes underwent isoform switches that 
led to changes in protein domains, affecting an aver-
age of two domains per DTU gene (Figs. 6B, S9C–E and 
Methods).

For example, THAP4 exhibited a shift in transcript 
dominance from THAP4-202 (which does not contain 
the THAP domain) in stem/TA cells (normal epithelial 
cells) to THAP4-204 (which contain the THAP domain) in 
stem/TA-like cells (cancer cells) (Fig. 6C). This suggests 
that the THAP domain of THAP-204, which is a con-
served zinc-finger motif associated with transcriptional 
regulation, cell cycle control, and apoptosis (Bessiere et 
al., 2008; Roussigne et al., 2003), appears to have a more 
pronounced oncogenic role when upregulated compared 
to the THAP4 heme-binding domain. Furthermore, the 
expression of THAP-204 is positively correlated with 
that of cell cycle-related genes, while THAP-202 is neg-
atively correlated, suggesting their opposing roles in the 
regulation of cell cycle (Fig. 6D). The well-known proto-
oncogene c-Myc encodes distinct proteins, including 
c-Myc1 (MYC-206) and c-Myc2 (MYC-202), which are ini-
tiated from CUG and AUG codons respectively. In stem/
TA-like cells (cancer cells), we observed a shift in isoform 
usage, with reduced MYC-206 and increased MYC-202 
deployment (Fig. 6E). This suggests distinct regulatory 
roles for MYC-202 and MYC-206 in carcinogenesis, con-
sistent with studies indicating that c-Myc2 predomi-
nantly drives cell growth and proliferation, while c-Myc1 
inhibits growth in the absence of c-Myc2 (Hann et al., 
1994; Liao and Dickson, 2000). Another instance of 
altered isoform usage is the shift between EWSR1-207 
and EWSR1-216, with the latter retaining an intron that 
prevents protein production. In stem/TA-like cells (can-
cer cells), there was a clear preference for EWSR1-207, 
which encodes a protein critical for preventing hemato-
poietic stem cell senescence (Lee et al., 2019), rather 
than EWSR1-216 (Fig. 6F). Similarly, we observed consist-
ent isoform usage patterns in four colorectal cancer cell 
lines, further supporting our in vivo findings (Fig. S9F–H).

To further explore isoform diversity at the level of 
functional coding units, we conducted a differential CDS 
usage (DCU) analysis, focusing specifically on the protein-
coding potential of the transcriptome rather than its 

compositional variations. This analysis identified a total 
of 773 unique CDS regions across 381 genes that exhib-
ited significant proportional differences between stem/
TA-like cells (cancer cells) and stem/TA cells (normal 
epithelial cells) from 12 CRC patients (Fig. S10A; Table S8 
and Methods). On average, 85.2% of the DCU genes per 
patient overlapped with CDS-changed DTU genes, sug-
gesting the notion that DTU may serve as an indicator of 
potential protein expression differences (generating dif-
ferent proteins) from the same gene (Fig. S10B and S10C).

In short, isoform shifts in colorectal cancer appears to 
be a significant post-transcriptional regulatory mecha-
nism, systematically influencing protein sequences and 
function and contributing to cellular ecosystems that 
underpin therapeutic responses and resistance, suggest-
ing potential targets for intervention.

Allele-specific expression revealing somatic 
mutational signatures of transcriptome in 
colorectal cancer
Given the full-transcript coverage, long-read scRNA-seq 
enables a broader exploration of transcriptional muta-
tion signatures at single-cell resolution. To define a 
spectrum of high-confidence somatic mutations in 
the expressed genome as reference, the gold standard 
whole-exome sequencing (WES) was conducted on 31 
tissue samples from the 12 patients (Methods). A total of 
1,228 unique somatic alterations from 1,110 genes were 
identified in the primary tumors with matched normal 
tissue as control within each patient (Fig. 7A; Table S9).

Subsequently, we focused on allelic expression and 
performed a pileup of genome mapping reads at muta-
tion sites in the long-read scRNA-seq data to determine 
the coverage of reference/wild-type (WT) and alterna-
tive/mutant alleles in individual cells, respectively, gen-
erating three allelic expression matrices: WT allele × cell 
expression matrix (Ewt); mutant allele × cell expres-
sion matrix (Emut); total × cell expression matrix (Etot)  
(Methods). 473 expressed genes were covered within 
mutation sites, and 46% (219 genes) showed the presence 
of mutant alleles using the exact binomial test (Fig. 7B). 
Cancer cells exhibited prevalent mutations, while nor-
mal cells exhibited essentially no detectable mutations, 
confirming that the observed mutations are tumor-
specific (Figs. 7C, S11A and S11B).

Furthermore, we found that cancer cells exhib-
ited dominant expression of the mutated alleles (Fig. 
7D), including those in the proto-oncogene KRAS (e.g., 
c.35G>T in CRC07, c.436G>A in HTCRC01 and c.38G>A 

and iCMS3 subtypes. Significant differential alternative splicing events were defined as iCMS2 specific or iCMS3 specific only if it 
was consistently upregulated relative to both of the other iCMS subtype and normal epithelium, with ΔPSI ≥ 0.1 and P-value < 0.05. 
Each labeled point represents an alternatively spliced gene. SE, skipping exon, RI, retained intron, A5, alternative 5′ splice-site, A3, 
alternative 3′ splice-site, AF, alternative first exon, AL, alternative last exon, MX, mutually exclusive exons. (F–H) Stacked bar plot 
showing isoform proportions of RAC1 (F), KRAS (G) and USO1 (H) across iCMS2 and iCMS3 subtypes.
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in HTCRC05), KLF5 (c.935C>T in CRC07) and PIK3CA 
(c.2836G>T in CRC09). Interestingly, dominant mutant 
allele expression was also identified in tumor suppressor 
genes, including APC (c.3871C>T, resulting in a truncated 
version of APC protein (Kim et al., 2005; Moseley et al., 
2007) in CRC09), PTEN (c.697C>T, resulting in a truncated 

version of PTEN protein (Bonneau and Longy, 2000; Lee et 
al., 2010) in CRC10) and TP53 (c.473G>A (Pros et al., 2020) 
in CRC03, c.455C>T (Masciari et al., 2011; Yurgelun et al., 
2017) in CRC04, c.818G>A (Petitjean et al., 2007; Chang 
et al., 2018) in CRC09 and c.524G>A in HTCRC05), which 
may have oncogenic implications in specific contexts. 
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Figure 6.  Analysis of differential transcript usage in CRC. (A) Volcano plot showing differential transcript usage between stem/
TA-like cells and stem/TA cells in CRC. Each dot represents a transcript isoform, with color indicating the number of patients in 
which the DTU is observed. The x-axis indicating the average proportion difference of DTU genes across corresponding patients, 
and the y-axis showing the minimum statistical significance (− log10FDR) among those patients. (B) Bar plot showing the number of 
genes exhibiting CDS changes among those exhibiting DTU, and the number of genes with protein domain alterations among those 
with CDS changes. (C) Schematic of THAP4 protein domains (top) and box plots showing the absolute expression (log2(TPM + 1)) and 
relative proportion of THAP4 isoforms in stem/TA and stem/TA-like cells (bottom). (D) Heatmap with hierarchical clustering showing 
the correlation between absolute expression of the THAP4 gene and its isoforms with cell cycle-related genes across different phases. 
(E) Schematic of MYC protein domains (top) and box plots showing the absolute expression (log2(TPM + 1)) and relative proportion of 
MYC isoforms in stem/TA and stem/TA-like cells (bottom). (F) Schematic of EWSR1 protein domains (top) and box plots showing the 
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Figure 7.  Transcriptional mutation signatures at single-cell resolution in CRC. (A) Oncoplot showing the top 30 recurrently 
altered genes of 19 tumor-normal pairs from the 12 patients. (B) Bar plot showing the number of genes with mutation sites covered 
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mutation site covered. Purple represents the cells with at least one mutation site with mutant allele detected. (D) Dot plot showing 
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Distinct from prior research of short-read scRNA-seq 
technology, we simultaneously achieved the mutations’ 
genotype and expression phenotype at single-cell reso-
lution in colorectal cancer.

To disentangle the transcriptional phenotypic effect 
of these mutations among individual cancer cells, we 
calculated Pearson correlation coefficients between 
allelic expression matrices of mutation sites (Etot, Ewt 
and Emut) and gene expression matrix of highly varia-
ble genes (Ehvg) within each patient to produce corre-
lation matrices Rtot·hvg, Rwt·hvg and Rmut·hvg, respectively 
(Fig. S11C and Methods). We noticed a stark shift in 
correlation pattern in patient CRC07 between WT and 
mutant alleles of KRAS and KLF5, as is evident in 
the differential correlation matrix (Rmut·hvg − Rwt·hvg, Fig. 
7E). In particular, their mutant alleles showed negative 
correlation with genes in cluster 1 and positive corre-
lation with genes in cluster 3, whereas the WT alleles 
showed a reversed trend. The mutant-associated genes 
in cluster 3 were dominantly related to pro-cancer 
biological processes including cell migration, mitotic 
nuclear division and cell-cell adhesion, in contrast to 
the WT-associated genes in cluster 1 enriched in phys-
iological functions of the intestinal tract (Fig. 7F). This 
suggests that mutations in KRAS and KLF5 may be 
associated with specific adaptive transcriptional pro-
grams to tumorigenesis in CRC through distinct corre-
lations with these highly variable genes. These results 
illustrate the concealed functional impact of mutations 
on the cells’ transcriptional phenotype, which can be 
masked when only inspecting total expression level of 
each gene. Similar correlation shift caused by somatic 
mutations were also observed in other patients but 
with different genes, reflecting the intra-tumor and 
inter-tumor heterogeneities in transcriptome plasticity 
of colorectal cancer (Fig. S11D).

We next surveyed mutated splicing factor genes and 
analyzed their effects on RNA splicing process. We found 
that a splicing factor PPIG was mutated in patient CRC05, 
which has also been previously identified in multiple 

cancer types (Seiler et al., 2018). Differential alternative 
splicing analysis was conducted for PPIG mutant and 
PPIG wild-type cancer cells, respectively, in comparison 
with normal epithelium (Figs. 7G, 7H, S12A and S12B). 
Splicing alterated genes in PPIG WT cancer cells were 
linked to cellular stability, mitochondrial integrity, and 
stem cell maintenance, indicating a more balanced regu-
lation of survival and differentiation. In contrast, splicing 
alterated genes in PPIG mutant cancer cells were associ-
ated with cell cycle regulation and cellular organization 
processes, potentially promoting more aggressive tumor 
behavior (Fig. S12C). This result indicated that this PPIG 
mutation is a gain-of-function one by altering RNA splic-
ing to promote oncogenic processes.

To further investigate the role of PPIG in modulating 
RNA splicing in colorectal cancer, we knocked down 
its expression in human colorectal carcinoma cell line 
HCT116 using small interfering RNA (siRNA) trans-
fection and performed long-read RNA sequencing. As 
expected, PPIG knockdown using three different siRNAs 
all resulted in a significant reduction in its transcript 
abundance, confirming the efficiency of the perturba-
tion (Fig. 7I). To investigate the role of PPIG in modulat-
ing RNA splicing, we performed differential alternative 
splicing analysis between PPIG knockdown and negative 
control (NC) groups. We first examined the consistency 
between in vivo and in vitro data and found that 45 out 
of 69 AS events exhibited consistent changes across both 
conditions. Since the PPIG mutation we identified in vivo 
is expected to be a gain-of-function mutation, the knock-
down of PPIG in the HCT116 cell line in vitro should lead to 
the reverse of the downstream effects of PPIG mutation 
in the cancer cells of Patient CRC05 in vivo (Here, we only 
considered AS events with a PSI difference greater than 
5%, without requiring statistical significance). A total 
of 133 DAS events were identified, with exon skipping 
being the most prevalent event type. Among these, 106 
DAS events resulted in coding sequence changes, which 
could disrupt the protein sequences of the correspond-
ing genes (Figs. 7J and S12). Notably, eight differential 

coverage ratio of mutant alleles to wild-type alleles at each mutation site in mutated cancer cells. (E) Heatmap of the correlation 
difference between Rmut·hvg and Rwt·hvg in patient CRC07, which Rmut·hvg represents Pearson correlation coefficients between mutant 
allele expression and highly variable gene expression, and Rwt·hvg represents Pearson correlation coefficients between WT allele 
expression and highly variable gene expression. (F) Bar plot showing the GO terms enriched for genes of which the expression level 
negatively (green) and positively (purple) associated with that of the mutant allele, respectively. (G) PCA plot of cells in patient CRC05, 
colored by the presence or absence of PPIG mutations. (H) Venn diagram showing the number of differential alternative splicing 
events between PPIG WT cells versus normal epithelial cells (green) and PPIG mutant cells versus normal epithelial cells (purple). (I) 
Gene expression level of PPIG following siRNA-mediated knockdown in HCT116 cells, quantified as counts per million (CPM). Bars 
represent the mean CPM values for PPIG across three independent siRNAs targeting PPIG (si-PPIG-1, si-PPIG-2, si-PPIG-3; each with 3 
replicate samples) and the corresponding negative control (NC, 3 replicate samples). Data are shown as mean ± SEM, with P-values 
indicating statistical significance from pairwise comparisons using Student’s t-test. (J) Volcano plot depicting the significance and 
magnitude of differential AS events between PPIG knockdown and NC groups. Each dot represents a splicing event, with the x-axis 
indicating difference in percent spliced in (ΔPSI) and the y-axis representing the –log10(P-value). Colors correspond to the AS types. 
(K) Proportions of transcript isoforms involved in the overlapping AS events for CTNNA1 in CRC05 and HCT116 cells. Arrows indicate 
the direction of PSI changes.
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alternative splicing events significantly overlapped 
between PPIG knockdown vs. NC groups in HCT116 and 
PPIG mutant cancer cells vs. normal epithelial cells in 
CRC05 (hypergeometric test, P-value = 0.015, Fig. 7J). The 
proportions of transcripts involved in these AS events of 
genes were rescued after PPIG knockdown (Figs. 7K and 
S12E), such as CTNNA1 (catenin alpha 1, a component 
of the cell adhesion complex), EIF4G1 (eukaryotic trans-
lation initiation factor 4 gamma 1, essential for trans-
lation initiation), CD46 (complement regulatory protein 
involved in immune response modulation), CSDE1 (cold 
shock domain-containing E1, a regulator of RNA stability 
and translation), and SURF4 (surfeit locus protein 4, asso-
ciated with protein trafficking and secretion).

In addition, GO enrichment analysis revealed that 
these 133 DAS genes are primarily involved in transla-
tion, DNA repair, cell cycle regulation, RNA stabilization, 
and mitochondrial transport (Fig. S12F), which aligns 
with the biological processes observed in CRC05 cancer 
cells compared with normal epithelial cells. Furthermore, 
GSEA between PPIG knockdown vs. NC groups revealed 
that PPIG knockdown could reduce the activities of some 
oncogenic pathways, as shown in enrichment plots for 
gene sets EGFR_UP.V1_UP, KRAS.DF.V1_UP, and MEK_
UP.V1_UP (Fig. S12G).

Collectively, these results demonstrate the consist-
ency of in vitro validation data with in vivo data from 
patient CRC05. PPIG is shown to play a crucial role in 
maintaining RNA splicing fidelity and regulating cancer-
associated splicing programs. These findings suggest 
that targeting PPIG may serve as a potential therapeutic 
strategy for colorectal cancer by simultaneously correct-
ing splicing defects and suppressing tumor-promoting 
signaling pathways.

Discussion
This study delves into the intricate heterogeneities of 
colorectal cancer at both cellular and molecular dimen-
sions, with a particular focus on the complexities of RNA 
isoforms. We performed long-read scRNA-seq on the 
epithelium of CRC tumor and normal samples from 12 
patients to define the full-length isoform-level transcrip-
tome. We achieved a high-fidelity, premium-quality data-
set with each individual cell, underpinning a robust basis 
for quantitative abundance-based analyses. Through 
isoform-level analysis, our study delineated diverse cell 
subtypes, with validation against a large external dataset 
confirming the reliability of cell type identification, and 
revealed a rich tapestry of isoform diversities within spe-
cific gene markers. Additionally, we found a significant 
number of isoforms to be differentially regulated in can-
cer cells, with upregulation of splicing-related processes.

Following this, our analysis utilizing SQANTI3 to 
compare splice junctions against reference transcripts 

facilitated the categorization of the 27,140 isoforms into 
four categories: FSM, ISM, NIC and NNC, with the major-
ity being FSM isoforms. Cancer cells exhibited a higher 
number and variety of isoforms and genes than normal 
epithelial cells, a trend that persisted even after nor-
malizing for both cell numbers and sequencing depths. 
Despite stringent filtering, the proportion of novel tran-
scripts was slightly higher in cancer cells, suggesting a 
higher rate of alternative splicing events, contributing to 
greater transcriptomic diversities in CRC. This was fur-
ther supported by the observation that half of the genes 
in cancer cells expressed multiple isoforms, compared to 
43% in normal epithelium.

By establishing gene UTR deviation as a measure of 
UTR length variations in individual cells relative to the 
baseline of normal epithelium, we uncovered a perva-
sive trend of 3′-UTR shortening within cancer cell pop-
ulations, particularly among stem/TA-like cells. And we 
identified a set of genes with shortened and lengthened 
3′-UTRs. Notably, shortened 3′-UTRs were prevalent in 
genes associated with RNA processing and metabolic 
processes and were often correlated with increased 
RNA expression levels, implying a potential mechanism 
of shortened 3′-UTRs for increased mRNA stability and 
translational efficiency as well as altered gene regula-
tion through avoidance of microRNA binding. However, 
lengthened 3′-UTRs did not exhibit a consistent pattern 
of correlation with RNA levels. These insights collectively 
highlight 3′-UTR shortening as a distinctive hallmark of 
colorectal cancer, potentially playing a critical role in the 
aberrant gene expression landscape characteristic of the 
disease.

Our findings revealed extensive alternative splicing 
alterations in colorectal cancer, with reduced intron 
retention in stem/TA-like cancer cells and significant 
inter-patient heterogeneities. Correlation analysis iden-
tified key splicing factors, including HSPA8, SNRPB, and 
hnRNPs, linked to tumor-specific AS events, especially 
for reduced intron retention. Pseudotime analysis fur-
ther showed increased SF expression and splicing activ-
ity during tumor progression. In addition, we revealed 
extensive RNA isoform diversities and alternative splic-
ing differences between iCMS2 and iCMS3 colorectal can-
cer subtypes. iCMS3 exhibited even higher splicing factor 
activity and more pronounced 3′-UTR shortening than 
iCMS2, suggesting distinct post-transcriptional regula-
tion. Differential isoform usage, including RAC1b upreg-
ulation in iCMS3, aligns with its aggressive phenotype.

Notably, we discovered significant isoform switches 
that may alter protein function from the same gene, 
suggesting new avenues for targeted cancer ther-
apy. Many DTU genes, including oncogenic genes like 
KRAS, MYC, and EWSR1, exhibited isoform shifts inde-
pendent of overall gene expression, emphasizing func-
tional diversification. Notably, these isoform switches 
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