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2. Results

2.1. Long-read sequencing uncovers transcript diversity and complexity across cell types

2.2. Differential transcript expression reveals key transcripts distinguishing cell types and highlighting disease
associations
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Figure 1. Transcriptome profiling of cultured cells using long-read RNA sequencing. (A) Transcript type distribution per cell type: bar plot showing the number and
proportion of expressed transcripts by biotype—protein-coding (blue), long non-coding RNAs (lncRNA, orange) and others (green)—within each cell type (iCN,
fibroblasts and iPSC). Expression is defined by a threshold of TPM > 1. This panel reflects total expressed transcript counts in each cell type but does not distinguish
whether transcripts are unique to a given cell type or shared across types. (B) Transcript diversity per gene: distribution of the number of expressed transcripts per
gene (TPM > 1), aggregated across all cell types. Genes are categorized by transcript biotype. The inset zooms in on genes expressing more than 10 transcript isoforms,
including examples such as DMKN, SNHG29 and GAS5. Note that this analysis does not resolve transcript diversity by cell type. (C) Protein-coding transcript diversity
in OMIM genes: bar plot showing the number of expressed coding transcripts per gene for genes listed in the OMIM database, aggregated across all samples. Most
genes express fewer than five isoforms. The inset highlights outlier genes with high isoform diversity (e.g. FN1, HNRNPK, GNAS). As in (B), this plot does not represent
cell-type-specific expression but instead summarizes global transcript diversity.
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Figure 2. Differential expression analysis. (A) Bar plot showing the number of differentially expressed transcript (DTE, blue) and (B) differentially expressed gene (DGE,
green) events in three comparisons: iCN versus iPSC (left), iCN versus fibroblasts (middle), and fibroblasts versus iPSC (right). (C) Volcano plot for DTE of iCN versus iPSC:
volcano plot displaying the log2 fold change (x-axis) against the −log10(p‐value) (y-axis) for each transcript. A set of highlighted significant DTE events (adjusted p <
0.05 and |log2FC| > 1) are selected and categorized as top high-ranking events by adjusted p‐value (orange), originating from medical-associated genes defined by
OMIM (green), from RBP mRNAs (yellow), and from cell marker transcripts (blue). (D) Volcano plot for DTE of iCN versus fibroblasts: volcano plot displaying log2 fold
change (x-axis) against the −log10(p‐value) (y-axis) for each transcript. A set of highlighted significant DTE events (adjusted p < 0.05 and |log2FC| > 1) are selected
and categorized as top high-ranking events by p‐value (orange), originating from medical-associated genes defined by OMIM (green), from RBP mRNAs (yellow), and
from cell marker transcripts (blue). Each comparison group included nine independent replicates (n = 9).
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2.3. Differential transcript usage highlights transcript complexity and functional adaptations across cell types
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Table 1. Summary of representative genes with significant differential transcript usage (DTU) between iCN and iPSC. The table lists key genes, their cellular function,
disease association and their regulation status at gene level (upregulated, downregulated or unchanged) in iCN from our DGE analysis.

gene ID cellular function disease association DGE in iCN

versus iPSC

MEAF6 transcription regulation and chromatin
remodelling [71]

OMIM: *611001 upregulated

BSCL2 lipid storage and metabolism [72] distal hereditary motor neuropathy and Silver syndrome [73]; hereditary spastic
paraplegia type17 [74]; OMIM: *606158, #269700, #608594. #619112,
#270685, #615924

upregulated

SEPTIN6 cytokinesis and cellular organization
[75,76]

OMIM: *300 683 upregulated

CDC42 cell morphology, migration, endocytosis
and cell cycle [77]

cancer and neurodevelopmental disorders [78,79]; Takenouchi–Kosaki syndrome
[80]; OMIM: *116952

upregulated

OCIAD1 cell adhesion [81] OMIM: *300683 upregulated

APP synapse formation role in AD [82,83]; OMIM: *104760, #605714 upregulated

PFN2 cell motility and structure [84] OMIM: *176590 upregulated

C11orf1 male reproduction [85,86] OMIM: *617615, *600393 upregulated

RTN4 inhibition of nerve regeneration and
neural plasticity [87]

OMIM: *604475 upregulated

SGCE muscle cell membrane stability [88] muscle integrity and myoclonus-dystonia syndrome [89]; OMIM: *604149,
#159900, #608099

not significant

KRT8 cellular structural integrity [90] OMIM: *1 48 060 not significant

STRADA mTOR pathway regulation and cell growth
[91]

polyhydramnios, epilepsy syndrome [92]; OMIM: *608626, #611087, #234200 not significant

TPD52L2 vesicle-mediated transport and secretion
[93]

OMIM: *603747 not significant

KIF2A intracellular transport, mitotic spindle
dynamics [94]

early-onset neurodegeneration [95]; OMIM: *602591, #615411 not significant

LDHA conversion of pyruvate to lactate [96] cancer and metabolic disorders [97]; OMIM: *150000, #612933 downregulated

RABGAP1L intracellular vesicle trafficking [98] neurodevelopmental syndrome [99]; OMIM: *609238 downregulated

FKBP11 protein folding [100] OMIM: *610571 downregulated

CMC2 mitochondrial function [101] downregulated
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2.4. Comparative analysis of DGE, DTE and DTU reveals overlapping and unique gene functional patterns

Figure 3. Differential transcript usage (DTU) analysis across cell types. (A) UpSet plot: UpSet plot illustrating the intersection of DTU events across three comparisons:
iCN versus iPSC, fibroblasts versus iCN, and fibroblasts versus iPSC. The bars indicate the number of shared and unique DTU transcripts for each comparison. iPSC versus
iCN comparison has the highest number of unique DTU transcripts (1332). The bar plot denotes the intersection size, circles denote which comparisons have overlap,
and the set size reflects the total number of genes. (B) Volcano plot for iCN versus iPSC comparison: volcano plot showing the difference in transcript usage (x-axis)
against the −log10(p‐value) (y-axis) for each transcript. Top significant DTUs are highlighted, with notable genes such as APP, KIF2A and BSCL2. Points are coloured
based on the number of transcripts per gene across all cell types, as indicated by the inset bar chart (aquamarine = 2 transcripts (n = 871); orange = 3 transcripts
(n = 552); purple = 4 transcripts (n = 311); pink = 5 transcripts (n = 168); green > 5 transcripts (n = 210)). This reflects the overall transcript diversity of each
gene, not limited to DTU-involved isoforms. The highest frequency of DTU events occurs in genes with two expressed transcripts, followed by those with three and four
transcripts. Each comparison group included nine independent replicates (n = 9).
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Figure 4. Differential transcript usage analysis for the APP, KIF2A and BSCL2 genes. For each of the selected genes (A) APP gene; (B) KIF2A gene; (C) BSCL2 gene,
the top panel indicates the transcript structures based on Gencode annotation v43, with main protein domains indicated by different colours. Bottom panels:
gene expression (normalized TPM) levels (left), transcript expression (normalized TPM) levels (middle), and transcript usage (right) in iPSC (pink) and iCN (green).
Differential gene expression (DGE) and differential transcript expression (DTE) were analysed using DESeq2, while differential transcript usage (DTU) was analysed
using DRIMSeq. Statistical significance is indicated by ns (not significant), * (p < 0.05) and *** (p < 0.001). Each comparison group included six independent replicates
(n = 9) (error bars: ± lfcSE (standard error of the log2 fold change) are shown for DGE and DTE plots where applicable; for DTU, error bars are not displayed as DRIMSeq
is based on a likelihood ratio framework and does not estimate standard errors or confidence intervals for transcript usage proportions).
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Figure 5. Venn diagrams of differential gene expression (DGE), differential transcript expression (DTE) and differential transcript usage (DTU) across cell type
comparisons. Venn diagrams illustrating the overlap between differentially expressed genes (DGE; green), differentially expressed transcripts (DTE; blue), and genes
with differential transcript usage (DTU; red) in: (A) iCN versus iPSC, (B) iCN versus fibroblasts, (C) fibroblasts versus iPSC. Each circle represents one of the categories
(DTE: top right; DGE: top left; DTU: bottom; red), with the numbers indicating the count of genes in each category and their intersections.
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3. Discussion

Figure 6. Gene Ontology (GO) term enrichment analysis for DGE, DTE and DTU in iCN versus iPSC. Dot plots illustrate the top 10 terms with the best p-values for
enrichment from three categories: (A) biological processes (BP), (B) cellular components (CC), and (C) molecular functions (MF) for genes identified through DGE, DTE
and DTU analyses. (D) Reactome pathway for genes identified through DGE, DTE and DTU analyses. Each dot represents a specific GO term or Reactome pathway (size of
dots indicate the number of associated genes; colour reflecting the −log10(p‐value), signifying the level of statistical significance).
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4. Methods

4.1. Generation of human cell lines

13

royalsocietypublishing.org/journal/rsob 
Open Biol. 

15: 250200
 D

o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 2

8
 A

u
g
u
st

 2
0
2
5
 



4.2. Long-read RNA-sequencing processing and quality control

4.3. Differential expression analysis

4.4. Differential transcript usage analysis

Table 2. Cell lines used for long-read RNA-sequencing experiments.

human-derived fibroblasts fibroblast-derived induced pluripotent stem

cells

iPSC-derived cortical neurons

CO-1 CO-1 2.1 CO-1 2.1

— CO-2 1.1 CO-2 1.1

CO-3 CO-3 B.1 CO-3 B.1

CO-4 — —
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