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Abstract

Background: Sex disparities in thyroid carcinoma are well recognized, yet their molecular basis at
the transcript isoform level remains poorly understood. We aimed to determine whether sex-
associated molecular differences extend beyond gene-level expression to coordinated remodeling
of transcript isoforms.

Methods: Tumor tissues from ten thyroid carcinoma patients (four males, six females) were
profiled by Oxford Nanopore Technologies (ONT) full-length transcriptome sequencing. Gene-
level, transcript-level and post-transcriptional analyses, including differential expression,
alternative splicing, alternative polyadenylation and differential transcript usage, were integrated.
External validation was performed by exon-usage analysis of the TCGA-THCA cohort (505
primary tumors).

Results: We identified 14,420 genes and 32,269 transcripts, including 1,064 novel genes and 9,755
novel transcripts. Transcript-level analysis detected 2,052 differentially expressed transcripts,
nearly twice the number of differentially expressed genes (1,144), with 627 alterations detectable
only at the isoform level. Sex-associated analysis revealed 68 differential splicing events
(predominantly exon skipping), 340 alternative polyadenylation events, 94 3'UTR remodeling
events and 956 transcripts with altered isoform preference. Integration across layers yielded 56
consistently dysregulated candidates, represented by SNHG5 and PTCSC2. External TCGA-
THCA exon-usage analysis reproduced sex-associated signal at JPX and SNHGS5 that was
undetectable at the gene-expression level. Using GTEx normal thyroid (v8, n = 578; v10, n = 587)
and TCGA adjacent-normal tissue (n = 59) as references, only 28 genes (26 in v10) showed sex-
biased expression in normal thyroid, almost all sex-chromosomal or immunoglobulin genes, and
no autosomal gene passed correction in tumours; 1,917 of the 2,139 sex-associated event genes
(89.6%) showed no sex-biased gene-level expression in either normal thyroid or tumour.
Conclusions: Sex-associated regulation in thyroid carcinoma is mediated through coordinated
changes in transcript abundance and transcript identity, establishing isoform-resolved profiling as
an essential complement to conventional gene-level analysis of endocrine tumor heterogeneity.
Keywords: thyroid carcinoma; sex differences; Oxford Nanopore Technologies; alternative
splicing; alternative polyadenylation; differential transcript usage

Background

Thyroid carcinoma is the most common malignancy of the endocrine system and represents an
increasing global health burden [1,2]. Although differentiated thyroid carcinomas generally
exhibit favorable clinical outcomes, considerable heterogeneity exists in tumor initiation,
progression, recurrence, and molecular characteristics [3]. Among the factors contributing to
thyroid carcinoma heterogeneity, sex disparity represents a well-recognized but incompletely
understood phenomenon. Epidemiological studies have consistently demonstrated a higher
incidence of thyroid carcinoma in females than in males, while differences in clinical outcomes



and disease characteristics between sexes have also been reported [1,4]. These observations
suggest that biological sex may influence thyroid carcinoma development and progression.
However, the molecular mechanisms underlying sex-associated differences remain largely unclear.
Previous studies have investigated multiple factors potentially contributing to sex disparities in
thyroid carcinoma, including sex hormone signaling, sex chromosome regulation, genomic
alterations, and immune-related mechanisms [5,6]. The Cancer Genome Atlas study further
characterized the genomic landscape of papillary thyroid carcinoma and revealed major molecular
alterations associated with thyroid tumorigenesis [7]. However, most previous investigations have
focused primarily on DNA-level alterations or gene-level expression changes. Such approaches
may not fully capture transcriptomic complexity because individual genes can generate multiple
transcript isoforms with distinct structural characteristics and biological functions. Recent studies
have demonstrated that transcript-level regulation, including alternative splicing (AS), alternative
polyadenylation (APA), and differential transcript usage (DTU), represents an important
regulatory layer involved in cancer development and progression [8,9]. Changes in transcript
isoform composition can influence RNA stability, protein diversity, and cellular functions even
without substantial alterations in total gene expression [10,11]. Therefore, transcript isoform
remodeling may represent an overlooked mechanism contributing to sex-associated heterogeneity
in thyroid carcinoma.

Conventional short-read RNA sequencing has been widely used for transcriptome profiling and
has greatly contributed to the identification of differentially expressed genes in cancer [12].
However, because short-read sequencing relies on fragmented RNA molecules, accurate
reconstruction of full-length transcripts often requires computational inference, limiting the
resolution of complex transcript structures, highly similar isoforms, and transcript-specific
regulation [13]. Long-read RNA sequencing technologies provide an effective strategy to
overcome these limitations by enabling direct characterization of full-length transcript molecules
[14]. Oxford Nanopore Technologies (ONT)-based sequencing can capture complete transcript
structures and facilitate high-resolution identification of transcript isoforms, alternative splicing
events, alternative polyadenylation patterns, and differential transcript usage [15]. By providing an
isoform-resolved view of transcriptomic regulation, long-read sequencing has revealed previously
unrecognized layers of molecular complexity in cancer and other diseases [16,17].

In this study, we sought to determine whether sex-associated molecular differences in thyroid
carcinoma extend beyond conventional gene expression changes and involve transcript isoform
remodeling. Using Oxford Nanopore Technologies-based full-length transcriptome sequencing,
we generated an isoform-resolved transcriptomic landscape of thyroid carcinoma samples from
male and female patients. We systematically characterized sex-associated alterations across
multiple regulatory layers, including differential gene and transcript expression, alternative
splicing, alternative polyadenylation, and differential transcript usage. Through integrated analysis
of these transcriptomic features, we identified coordinated isoform remodeling events associated
with sex differences in thyroid carcinoma. This study provides new insights into the molecular
basis of sex disparities in thyroid carcinoma and highlights transcript isoform remodeling as an
additional regulatory layer contributing to tumor heterogeneity. To our knowledge, this represents
the first isoform-resolved, multilayer characterization of sex-associated transcript regulation in
thyroid carcinoma using full-length long-read sequencing.

Methods

Clinical samples and study design

Ten thyroid carcinoma tissue samples were included in this study, consisting of four male thyroid
carcinoma samples (M_TC 1-M_TC 4) and six female thyroid carcinoma samples (F_TC 1-
F TC 6). This study aimed to characterize sex-associated transcriptomic differences in thyroid
carcinoma at both gene and isoform levels using Oxford Nanopore Technologies (ONT)-based
full-length transcriptome sequencing. All samples were collected following institutional ethical
approval and informed consent procedures. Clinical characteristics, including age, histological
subtype, TNM stage, and tumor size, were recorded for all patients and are summarized in
Supplementary Table S1. No significant differences in clinical characteristics were observed



between the male and female groups (Fisher exact test for categorical variables and Student t test
for continuous variables).

RNA extraction and ONT full-length transcriptome
sequencing

Total RNA was extracted from thyroid carcinoma tissues according to the manufacturer's
instructions. RNA quality was assessed using NanoDrop spectrophotometry, Qubit fluorometry,
and agarose gel electrophoresis. Full-length transcriptome libraries were constructed using
poly(A)-selected RNA. mRNA molecules were enriched using Oligo-dT primers, followed by
reverse transcription to generate full-length ¢cDNA. Libraries were sequenced using Oxford
Nanopore Technologies. Nanopore long-read RNA sequencing enables direct characterization of
transcript structures and transcript isoform diversity [18].

ONT sequencing data processing and quality control

Raw nanopore sequencing signals were processed using Dorado v0.8.2 for base calling. Reads
were filtered using Chopper v0.7.0, and full-length transcript candidates were identified using
Pychopper v2.7.9. Sequencing quality was assessed using NanoComp v1.23.1 and NanoPlot
v1.42.0 [19]. Sequence statistics were summarized using SeqKit v2.9.0.

Full-length transcript identification and annotation

High-quality full-length reads were aligned to the human reference genome GRCh38.p14 using
minimap2 v2.27-r1193 with splice-aware parameters (-ax splice -uf -k14) [20]. Genome
annotation was based on GENCODE v49 annotation (Ensembl release 115) [21]. Transcript
reconstruction was performed using StringTie v2.1.6 [22], and assembled transcript structures
were compared with reference annotation using gffcompare v0.12.6 [23]. SQANTI3 v5.2 was
used for long-read transcriptome quality control, transcript classification, and isoform
characterization [24].

Transcript quantification and differential expression
analysis

Transcript and gene expression levels were quantified using Salmon v1.7.0 [25]. Raw read count
matrices generated from Salmon were used as input for differential expression analysis.
Differential expression analysis was performed using DESeq2 v1.38.3 [26]. P values were
adjusted for multiple testing using the Benjamini—-Hochberg (BH) procedure. Genes and
transcripts with [log2(fold change)| >0.585 (fold change >1.5 or <0.667) and an adjusted P value
(FDR) <0.05 were considered statistically significant. TPM values were used only for
visualization analyses, including principal component analysis, correlation analysis, and heatmap
visualization. Differentially expressed genes (DEGs) and differentially expressed transcripts
(DETs) were identified between male and female thyroid carcinoma samples. Sequencing depth,
full-length read counts, and mapping rates were compared between the male and female groups to
exclude systematic coverage bias (Supplementary Table S2).

Alternative splicing analysis

Alternative splicing events were analyzed using SUPPA2 v2.3 [27]. Six major alternative splicing
patterns were evaluated, including skipped exon (SE), alternative 5’ splice site (AS5), alternative 3’
splice site (A3), retained intron (RI), alternative first exon (AF), and alternative last exon (AL).
Differential alternative splicing events were defined as events with |APSI| >0.05 and a BH-



adjusted P value <0.05.

Alternative polyadenylation analysis

Alternative polyadenylation (APA) events were identified using TAPAS (2018.5.26) [28]. APA
analysis was performed using RefSeq transcript annotation with parameter -1 76. Differential APA
events were identified using fold change >2 and a BH-adjusted P value <0.05. NanopLen v0.9.0
was additionally applied for differential poly(A) length analysis.

Differential transcript usage analysis

Differential transcript usage (DTU) analysis was performed using DRIMSeq v1.30.0 [29].
Transcript isoforms were considered significantly differentially utilized when [log2(fold change)
>0.585 and the BH-adjusted P value was <0.05. DTU events were integrated with DEG, DET,
alternative splicing, and APA analyses to characterize isoform-level transcriptomic remodeling
associated with sex differences.

Functional annotation and enrichment analysis

Novel transcripts were functionally annotated against NR, Pfam, UniProt, Gene Ontology (GO),
KEGG, KOG, and transcription factor databases. KEGG functional annotation was performed
using KOBAS v3.0 [30]. GO and KEGG enrichment analyses were performed using
hypergeometric tests with whole-genome annotation as background. Terms with P value <0.05
were considered nominally enriched, and BH correction was further applied to identify terms
remaining significant after multiple-testing adjustment. Database annotations were based on
GENCODE [21], GO [31], UniProt [32], and Pfam [33].

TCGA-THCA external validation

Publicly available TCGA-THCA data were used for external validation at two levels. Gene-level
expression (UCSC Xena TOIL RSEM, log2(x+1)) was compared between male (n = 136) and
female (n = 369) primary tumors for the 56 multi-layer candidate genes using two-sided Mann-
Whitney U tests with Benjamini-Hochberg (BH) correction, and with a linear model adjusting for
age and AJCC stage. For isoform-level validation, exon-level expression (Xena HiSeqV2 exon)
was extracted for candidate and control loci; per-sample exon inclusion was computed as the log2
ratio of exon signal to the locus mean and compared between sexes with Mann-Whitney U tests
(BH correction across all tested exons). Sex-chromosome genes (XIST, KDM5D, RPS4Y1, UTY)
served as internal positive controls.

Normal thyroid and adjacent-normal tissue reference

analysis

To distinguish tumour-specific sex effects from baseline sex differences intrinsic to normal
thyroid tissue, two independent external references were introduced. Normal thyroid baseline: raw
RNA-seq count matrices for thyroid tissue were downloaded from the GTEx Portal in two releases
(v8: 653 samples, of which 578 passed quality control at RNA integrity number [RIN] > 6; v10:
684 samples, 587 passing) [34]; sex and age were obtained from the GTEx subject phenotype files.
Tumour and adjacent-normal reference: gene-level STAR-Counts quantification for TCGA-THCA
was downloaded from the GDC data portal (GENCODE v36 annotation; 564 samples comprising
505 primary tumours [ 136 male, 369 female] and 59 adjacent-normal tissues [17 male, 42 female]).
Because demographic fields are no longer exposed in the GDC open tier, sex and age were
retrieved from cBioPortal (thpa tcga gdc cohort) [35], mapped to GDC case identifiers without
missingness.

Count matrices were normalised to counts per million (CPM) and log2(CPM + 1) transformed,



retaining genes with CPM > 1 in at least 20% of samples. In GTEX, a linear model log2CPM ~ sex
+ age + RIN was fitted to test the sex effect within normal thyroid; in TCGA, log2CPM ~ sex +
tissue + age + sex x tissue was fitted and the interaction term evaluated by nested model F test.
Multiple testing was controlled by the Benjamini-Hochberg procedure, with significance defined
as FDR < 0.05 and |log2 fold change| > 1. All sex-associated event genes identified in this study
were classified as: class A, sex-differential at baseline in normal thyroid (significant in both GTEx
v8 and v10); class B, tumour-specific sex-biased expression (significant in TCGA tumours or the
interaction term, but not in normal thyroid); class C, expression-independent (no sex-biased gene-
level expression in either external cohort); class D, not evaluable (absent from the external
reference sets). XIST and the Y-linked genes KDMS5D, RPS4Y1, DDX3Y, UTY, EIF1AY and
USPI9Y served as internal positive controls for the correctness of sex labels. Statistical
implementation used Python 3.13 (NumPy, SciPy).

Results

3.1 ONT full-length transcriptome sequencing reveals an
isoform-resolved landscape of thyroid carcinoma

To establish an isoform-resolved transcriptomic landscape of thyroid carcinoma, ONT full-length
transcriptome sequencing was performed on tumor tissues from four male and six female patients.
In total, 14,420 genes and 32,269 transcripts were identified, of which 1,064 genes and 9,755
transcripts were absent from the reference annotation and were therefore defined as novel (Figure
1A). Because ONT single-molecule reads span entire transcript molecules, these novel candidates
represent full-length transcript structures captured directly, without the assembly biases inherent to
short-read reconstruction.

Sequencing quality control confirmed high data quality across all ten samples. A total of 63.1
million reads (61.1 Gb raw bases) were generated, with 57.0 million full-length non-chimeric
(FLNC) reads at an FLNC rate of 90.8%. Read N50 ranged from 891 to 1,064 bp (raw) and 674 to
859 bp (FLNC), with mean read quality of 16.3—17.1. Mapping rates to the GRCh38.p14 reference
genome ranged from 98.95% to 99.78%. Female (n = 6) and male (n = 4) samples showed no
significant differences in FLNC rate, mean read quality, or mapping rate (all P > 0.05), confirming
comparable sequencing quality between sex groups (Table S2).

Most genes were associated with one or two transcript isoforms, whereas a smaller subset
exhibited complex isoform composition with multiple transcript variants (Figure 1B), indicating
that isoform diversity in thyroid carcinoma is widespread but gene-dependent. In addition, known
and novel transcripts displayed distinct exon-number distributions (Figure 1C), consistent with the
capacity of full-length sequencing to resolve transcript architectures that remain incompletely
represented in current genome annotations.

Each sample yielded an average of 6.3 million total reads, of which 90.8% were full-length non-
chimeric (FLNC) reads, with a read N50 of 968 bp and a mean mapping rate of 99.4% to the
GRCh38 reference genome (Supplementary Table S2).

Transcript-level analysis reveals sex-associated alterations
beyond gene-level resolution

Principal component analysis (PCA) based on gene expression profiles showed a separation
tendency between male and female thyroid carcinoma samples (Figure 2A). Gene-level
differential expression analysis identified 1,144 differentially expressed genes (DEGs) between
the two groups (fold change [FC] >1.5 or <0.67, P < 0.05), of which 526 were upregulated and
618 downregulated in male tumors (Figure 2B). Hierarchical clustering based on DEG expression
profiles further grouped the samples according to sex (Figure 2C), confirming robust sex-
associated differences at the conventional gene-expression level.

Consistent with biological sex as the grouping variable, sex chromosome-linked genes, including
XIST on chromosome X and the Y-chromosome genes DDX3Y, RPS4Y1, KDM5D, and UTY,



ranked among the most strongly differentiated transcripts between the two groups and served as
internal positive controls for the differential analysis. After excluding sex chromosome genes,
1,092 autosomal DEGs (95.5% of 1,144 total; 491 up and 601 down in male) and 1,947 autosomal
DETs (94.9% of 2,052 total; 875 up and 1,072 down in male) remained, and all downstream
splicing, APA, and DTU analyses were likewise evaluated with and without sex chromosome loci
to ensure that the reported isoform remodeling was not driven by sex chromosome dosage effects.
We next asked whether the same comparison at isoform resolution would capture additional
alterations. Transcript-level differential expression analysis identified 2,052 differentially
expressed transcripts (DETs), including 945 upregulated and 1,107 downregulated transcripts in
male tumors (Figure 2D). The number of transcript-level events was nearly twice that detected at
the gene level (2,052 DETs versus 1,144 DEGs; Figure 2E), indicating that a substantial fraction
of sex-associated regulation in thyroid carcinoma occurs at the isoform level and is not fully
resolved by gene-level quantification alone.

3.3 Integrated gene- and transcript-level analysis
distinguishes shared from isoform-specific regulation

To determine whether transcript-level alterations reflect gene abundance changes or constitute
isoform-specific regulation, DEG and DET profiles were integrated. A total of 1,040 genes were
shared between the two datasets, whereas 627 differential events were detected only at the
transcript level and 97 only at the gene level (Figure 3A). The predominance of shared events
indicates that most sex-associated expression changes are concordantly captured at both levels,
whereas the transcript-only events represent a regulatory layer that is invisible to conventional
gene-level analysis.

Genes simultaneously identified as DEGs and DETs were significantly enriched in Gene Ontology
(GO) biological processes related to protein transport, apoptotic processes, transcriptional
regulation, angiogenesis, cell migration, vesicle-mediated transport, and RNA splicing (Figure 3B).
KEGG pathway analysis of the same gene set showed nominal enrichment of endocytosis, RNA
transport, lysosome function, metabolic pathways, the citrate cycle, and cancer-associated
signaling pathways (Figure 3C); however, none of these pathways remained significant after
multiple-testing correction, and they are therefore reported as enrichment trends. Together, these
enrichment patterns indicate that sex-associated differences converge on tumor-relevant processes,
including intracellular trafficking, cellular metabolism, and RNA processing. These findings
suggest that sex-associated regulation in thyroid carcinoma is mediated through coordinated
changes in both transcript abundance and transcript identity. In parallel, the 624 genes detectable
only at the transcript level (Figure 3A) showed significant enrichment for protein synthesis and
mitochondrial energy metabolism: Gene Ontology analysis identified cytoplasmic translation
(GO:0002181, adjusted P = 9.9 x 107-22), translation (GO:0006412, adjusted P = 6.5 x 10"-20),
ribosome biogenesis (G0O:0042254, adjusted P = 2.7 x 10"-5), and oxidative phosphorylation
(GO:0006119, adjusted P = 7.4 x 10"—4) among the top BH-significant terms (Supplementary
Table S5). KEGG pathway analysis further confirmed ribosome (adjusted P = 7.9 x 10—~18) and
oxidative phosphorylation (adjusted P = 6.8 x 10"—5) as the dominant enriched pathways, with the
ATP-synthesis, mitochondrial electron-transport and ribosomal-protein families contributing the
bulk of the enriched signal. These patterns indicate that isoform-specific, gene-level-invisible sex-
associated regulation in PTC converges on translational machinery and mitochondrial oxidative
metabolism—two axes repeatedly implicated in thyroid tumor growth and aggressiveness.

3.4 Sex-associated alternative splicing reveals post-
transcriptional regulation in thyroid carcinoma

Because transcript-level alterations could not be fully attributed to changes in gene abundance, we
next investigated whether post-transcriptional processing contributes to sex-associated
transcriptomic differences. Seven major alternative splicing (AS) event types were profiled,
including skipped exon (SE), mutually exclusive exon (MXE), alternative 5" and 3’ splice sites
(A5SS, A3SS), retained intron (RI), and alternative first and last exons (AF, AL). AS events were



broadly detected across all samples, with SE being the most abundant type, followed by ASSS,
A3SS, and RI (Figure 4A), demonstrating extensive alternative transcript processing in thyroid
carcinoma.

Differential AS analysis between male and female tumors (JAPSI| >0.05, P <0.05) identified 68
sex-associated events, among which SE was the predominant category (24 events), followed by
ASSS (15), RI (14), A3SS (8), AF (5), and AL (2); no significant differential MXE events were
detected (Figure 4B). GO enrichment analysis of the associated genes revealed biological
processes related to spermatogenesis and translation, cellular components including mitochondria,
extracellular exosomes, and ribonucleoprotein complexes, and molecular functions dominated by
protein-, RNA-, nucleotide-, and ATP-binding activities (Figure 4C). KEGG analysis showed
enrichment trends in metabolic pathways, amino acid biosynthesis, RNA degradation, the
tricarboxylic acid cycle, oxidative phosphorylation, and spliceosome-related pathways (Figure
4D); however, none of these pathways remained significant after multiple-testing correction, and
they are therefore reported as functional trends rather than definitive enrichments.

These results indicate that sex-associated transcriptomic differences in thyroid carcinoma involve
alterations in alternative transcript processing, adding a post-transcriptional regulatory layer
beyond differential expression.

Sex-associated alternative polyadenylation drives transcript
3’ end remodeling

Alternative polyadenylation (APA) generates transcripts with distinct 3’ ends and thereby modifies
their regulatory potential. Given the extensive isoform-level alterations described above, we
investigated whether sex differences in thyroid carcinoma also involve differential APA regulation.
APA sites were broadly detected across samples, with most genes containing one dominant
polyadenylation site and a subset exhibiting multiple sites (Figure 5A), indicating widespread 3’
end heterogeneity. Differential APA analysis identified 340 sex-associated APA events,
comprising 121 events with increased and 219 with decreased APA usage in male tumors (Figure
5B).

GO enrichment analysis performed separately for the two directions showed that genes with
increased APA usage were mainly associated with response to oxidative stress, cell differentiation,
RNA splicing, and regulation of DNA-templated transcription, whereas genes with decreased
APA usage were primarily related to cell adhesion, homophilic cell-cell adhesion, cell migration,
and regulation of apoptotic processes (Figure 5C). Because APA frequently acts through
modification of 3’ untranslated regions (3'UTRs), we further quantified APA-associated length
changes and identified 94 remodeling events, including 52 3'UTR shortening and 42 3'UTR
lengthening events (Figure 5D). Thus, sex-associated APA regulation contributes to bidirectional
transcript 3’ end remodeling, representing an additional layer of post-transcriptional regulation in
thyroid carcinoma.

Multi-layer integration reveals sex-associated isoform
remodeling in thyroid carcinoma

Although the analyses above revealed multiple regulatory layers, whether these alterations
converge on preferential usage of specific isoforms remained unclear. Differential transcript usage
(DTU) analysis identified 956 transcripts with significantly altered usage between male and
female tumors, including 477 with increased and 479 with decreased usage in males (Figure 6A),
demonstrating that sex-associated regulation involves selective modulation of isoform preference
rather than transcript abundance alone.

Integration of DEG, DET, and DTU profiles identified 56 candidates consistently altered across
all three regulatory layers (Figure 6B), representing potential key molecular signatures of sex
differences in thyroid carcinoma. The full list of these multi-layer candidates is provided in
Supplementary Table S8. Notably, the X chromosome-linked long non-coding RNA JPX was
among these multi-layer candidates, consistent with a contribution of X chromosome-mediated
regulation to sex-associated isoform remodeling. Representative candidates exhibited distinct



isoform usage patterns between the sexes, including the DTU-associated transcripts of SNHGS
and PTCSC2 and the APA-associated transcripts of PBX1 and VPS72 (Figure 6C). Leveraging the
single-molecule full-length resolution of ONT sequencing, we further visualized the complete
isoform architectures of representative loci: the SNHGS5 locus displayed distinct full-length
transcript configurations underlying its differential usage, whereas PBX1 exhibited structural
differences involving alternative polyadenylation sites and 3'UTR remodeling (Figure 6D).
Collectively, these findings demonstrate that sex differences in thyroid carcinoma are associated
with extensive isoform remodeling involving differential transcript usage and transcript structural
variation. The integration of gene-level, transcript-level, and isoform-level analyses highlights the
unique capability of ONT full-length transcriptome sequencing to characterize regulatory
complexity that is difficult to resolve using conventional short-read approaches.

External validation in TCGA-THCA

To assess the generalizability of the sex-associated signatures, we performed two complementary
validations in the independent TCGA-THCA cohort (505 primary tumors; 136 male, 369 female).
At the gene-expression level, none of the 48 matchable candidates reached significance after
multiple-testing correction (FDR < 0.05), whereas sex-chromosome controls (XIST, KDM5D,
RPS4Y1, UTY) were overwhelmingly significant (e.g., XIST P = 2.8e-257), confirming adequate
power and correct pipeline behavior.

We then tested the central premise of this study, that sex-associated regulation acts on transcript
identity rather than transcript abundance, using exon-usage analysis as a short-read-accessible
proxy for isoform remodeling. Among 157 exons across nine testable loci, all 13 KDMS5D exons
were strongly sex-differential (minimum FDR = 1.4e-78), validating the metric. Critically, exon-
usage differences were detected at two multi-layer candidates: three exons of the X-linked
IncRNA JPX (FDR = 0.043-0.047) and one exon of SNHGS5 (FDR = 0.047; Figure 7B). PTCSC2
showed a sub-threshold trend (FDR = 0.053), and nominal-significance exons were enriched
across candidate loci (18/134 autosomal exons at P < 0.05, binomial P = 0.003). Thus, in a cohort
more than 50-fold larger than our discovery set, sex-associated signal is undetectable at the gene
level but reproducible at the exon-usage level, a dissociation that directly supports the need for
full-length long-read transcriptomics to resolve sex-biased isoform regulation in thyroid
carcinoma.

Comparison with normal thyroid and adjacent-normal

references

To determine whether the sex-associated events detected here merely reflect baseline sex
differences intrinsic to normal thyroid, we compared our findings against GTEx normal thyroid
and TCGA adjacent-normal tissue. In GTEx v8 normal thyroid (578 samples; 385 male, 193
female), only 28 genes showed significant sex-biased expression after adjusting for age and RNA
integrity (FDR < 0.05, |log2FC| > 1; 18 male-biased, 10 female-biased); independent replication in
GTEx v10 (587 samples) yielded 26 genes, with concordant conclusions. Nearly all of these genes
were sex-chromosomal, namely XIST and TSIX with higher expression in females and 15 Y-
linked genes (RPS4Y1, KDMS5D, DDX3Y, UTY, EIF1AY, USP9Y, TXLNGY, TBL1Y,
NLGN4Y, TMSB4Y and others), or immunoglobulin genes (IGHG1, IGKC, IGLC1/2/3, JCHAIN
and others), the latter reflecting sex differences in immune cell infiltration composition rather than
a sex programme of thyroid epithelium. Effect sizes at positive controls were as expected (XIST
log2FC = —8.79; RPS4Y'1 = +7.33; KDM5D = +6.90), confirming reliable sex labels (Figure 7A).
Thus, apart from sex-chromosome dosage and immune infiltration composition, normal thyroid
shows no significant autosomal sex-biased expression.

In TCGA-THCA, only 18 genes were sex-biased among 505 tumours, all sex-chromosomal or Y-
linked, with no autosomal gene passing FDR < 0.05; findings in the 59 adjacent-normal tissues
were consistent. The sex-by-tissue interaction test identified only four significant genes (TBL1Y,
TMSB4Y, ZFY and AC011297.1), all Y-linked loci.

We next mapped all 2,139 sex-associated event genes detected in this study (1,137 DEG, 1,667
DET, 367 DTU, 53 alternative splicing, 329 APA) onto these references and classified them into
four groups: class A (n = 11, 0.5%), sex-differential at baseline in normal thyroid, all sex-



chromosomal except CALCA, with effect sizes in our cohort correlating closely with those in
GTEx normal thyroid (Pearson r = 0.50, n = 896), indicating that our cohort detected no gene-
level sex bias beyond the normal baseline; class B (tumour-specific sex-biased expression), n = 0;
class C (n = 1,917, 89.6%), showing no sex-biased gene-level expression in either normal thyroid
or thyroid tumours despite significant isoform usage, alternative splicing or alternative
polyadenylation events; and class D (n = 211, 9.9%), not evaluable because the gene was absent
from the external reference sets (Figure 8). The predominance of class C indicates that the sex-
associated events reported here cannot, in the great majority of cases, be explained by baseline sex
differences or by differences in gene expression abundance, and instead point to sex-associated
regulation operating at the post-transcriptional level, independent of expression level.

One class A gene warrants specific mention: CALCA, which encodes the calcitonin precursor
secreted by thyroid parafollicular C cells, was sex-biased in normal thyroid as well and should
therefore be regarded as a baseline feature of normal tissue, to be distinguished from tumour-
associated alterations.

Discussion

Sex disparities represent a clinically recognized feature of thyroid carcinoma, with differences
observed in disease incidence, clinical characteristics, and tumor behavior between male and
female patients; however, the molecular mechanisms underlying these differences remain
incompletely understood, particularly at the transcript isoform level [36,37]. In this study, we
applied Oxford Nanopore Technologies (ONT)-based full-length transcriptome sequencing to
systematically characterize sex-associated transcriptomic alterations in thyroid carcinoma. Long-
read RNA sequencing enables direct characterization of full-length transcripts and provides
improved resolution for transcript isoform diversity, alternative splicing, and transcript-level
regulatory events that are difficult to fully resolve using conventional short-read approaches
[38,39]. By integrating gene expression, transcript-level regulation, alternative splicing, alternative
polyadenylation, and differential transcript usage analyses, we demonstrate that sex-associated
molecular differences in thyroid carcinoma extend beyond gene abundance changes and involve
extensive remodeling of transcript isoform landscapes. These findings establish transcript isoform
remodeling as an additional molecular dimension underlying sex-associated heterogeneity in
thyroid carcinoma.

Sex-associated heterogeneity in cancer is a complex biological phenomenon regulated by multiple
molecular layers, including sex hormone signaling, sex chromosome-linked mechanisms, genetic
alterations, and immune microenvironmental differences [40,41]. In thyroid carcinoma, previous
studies have primarily focused on genomic alterations, hormonal regulation, and immune-related
mechanisms to explain sex-associated differences. However, these approaches mainly capture
molecular changes at the DNA or gene-expression level and may overlook additional regulatory
processes occurring after transcription initiation. Our findings extend the current understanding of
sex disparities in thyroid carcinoma by demonstrating that transcript-level regulation represents an
important but previously underexplored layer of molecular heterogeneity.

Long-read RNA sequencing provides a unique opportunity to investigate this regulatory layer by
directly capturing full-length transcript molecules. Unlike short-read sequencing approaches that
require computational reconstruction of fragmented RNA molecules, long-read sequencing
enables more accurate characterization of complete transcript structures and complex isoforms
[39]. Previous studies have demonstrated that cancer transcriptomes contain extensive isoform
diversity and that transcript usage alterations may not always parallel changes in overall gene
expression [16]. Consistent with these observations, our study revealed that transcript-level
alterations substantially expanded the molecular landscape associated with sex differences in
thyroid carcinoma. These findings highlight the importance of moving beyond gene-centric
analysis toward isoform-resolved characterization of tumor heterogeneity.

Importantly, this central premise received orthogonal support from external validation in the
independent TCGA-THCA cohort (505 primary tumors). Although none of the matchable
candidates reached gene-level significance after multiple-testing correction, sex-associated signal
was reproduced at the exon-usage level at candidate loci, including the X-linked IncRNA JPX and
SNHGS5, and nominal-significance exons were enriched across candidate loci. This dissociation,



observed in a cohort more than 50-fold larger than our discovery set, indicates that sex-biased
isoform regulation is reproducible across independent cohorts yet remains largely invisible to
conventional gene-centric analysis, directly underscoring the necessity of full-length long-read
transcriptomics. Together with recent long-read characterization of thyroid neoplasia [38], these
findings position isoform-resolved profiling as an essential complement to conventional short-read
transcriptomics in endocrine tumors.

Beyond gene expression: transcript identity as a new regulatory layer

Gene-level differential expression analysis remains a widely used strategy for identifying cancer-
associated molecular changes; however, transcriptional regulation is inherently multilayered and
cannot be fully represented by changes in total gene abundance alone. In our study, a proportion of
differentially expressed transcripts (DETs) overlapped with differentially expressed genes (DEGs),
indicating that changes in gene expression remain an important component of sex-associated
regulation. Nevertheless, a considerable number of transcript-level alterations occurred without
corresponding gene-level changes, suggesting that transcript-specific regulation provides
additional biological information beyond conventional expression profiling. Previous studies have
shown that isoform switching and differential transcript usage are widespread across cancers and
may alter functional outputs without substantial changes in gene expression levels [42]. Therefore,
our findings suggest that sex-associated heterogeneity in thyroid carcinoma involves coordinated
regulation at both transcriptional abundance and transcript identity levels.

Long-read sequencing reveals hidden layers of tumor heterogeneity

Alternative splicing represents another critical layer of post-transcriptional regulation that expands
transcriptomic diversity by generating multiple isoforms with distinct regulatory and functional
properties from a single gene locus. Dysregulation of alternative splicing is increasingly
recognized as a hallmark of cancer, as aberrant splicing can generate isoforms with altered
functional properties that influence tumor cell proliferation, apoptosis, and migration [43,8].
Alterations in splicing regulators and the RNA-processing machinery can further reshape
transcript composition and contribute to tumor heterogeneity through isoform-specific regulation
[43]. In the present study, sex-associated differential splicing events, together with the enrichment
of DEG/DET-associated genes in RNA splicing-related biological processes, suggest that altered
RNA processing constitutes an important component of sex-associated transcriptomic remodeling
in thyroid carcinoma. These findings indicate that sex-associated molecular differences involve
not only differential expression but also distinct regulation of how transcripts are processed and
utilized.

Alternative polyadenylation represents another important layer of transcript regulation that
influences transcript stability, localization, and translational potential. Although APA has received
less attention than gene expression alterations in cancer studies, changes in transcript 3’ end
structures can generate functionally distinct transcript isoforms and contribute to tumor
heterogeneity. In our study, ONT-based full-length sequencing enabled direct characterization of
APA-associated transcript end remodeling, revealing sex-associated APA alterations and
differential 3'UTR remodeling patterns. These observations indicate that sex-associated transcript
regulation extends beyond transcript abundance and splicing patterns to include regulation of
transcript terminal structures, further supporting a multilayer model of isoform remodeling in
thyroid carcinoma.

Integration of DEG, DET, and DTU analyses further revealed that sex-associated transcript
regulation involves coordinated changes in transcript usage preferences. Differential transcript
usage reflects selective regulation of transcript isoforms generated from the same gene locus and
may produce distinct molecular outputs without requiring changes in total gene expression.
Representative isoform remodeling events identified in our study, involving SNHGS, PTCSC2,
PBXI1, and VPS72, provide potential molecular candidates for understanding sex-associated
differences in thyroid carcinoma biology. Although the functional consequences of these transcript
alterations require further experimental validation, our findings suggest that isoform switching
may represent an important mechanism contributing to tumor heterogeneity and sex-associated
molecular diversity [44].



Limitations, clinical implications, and future directions

Several limitations should be acknowledged. First, as an exploratory, first-in-field investigation,
the discovery cohort was limited to ten samples. Although external exon-usage analysis in TCGA-
THCA (n = 505) independently reproduced sex-associated signal at candidate loci, the short-read
nature of that cohort precluded validation at full-length isoform resolution, and larger multicenter
cohorts with long-read profiling will be required to confirm and extend these findings. Second, the
discovery cohort included tumour tissue only, without matched adjacent-normal samples. We
therefore introduced GTEx normal thyroid (578-587 samples) and TCGA-THCA adjacent-normal
tissue (n = 59) as external references: neither normal thyroid nor tumour tissue showed autosomal
sex-biased gene-level expression, and 89.6% of the sex-associated event genes showed no sex-
biased expression in either tissue type, so these isoform-level events are unlikely to be attributable
to pre-existing baseline sex differences. Two caveats apply. The public reference data are short-
read gene-level quantification and cannot provide an equivalent control at isoform resolution, so
our normal-tissue control for isoform events was implemented as the binary criterion of whether
the gene shows sex-biased expression; and the GTEx and TCGA cohorts differ from our study in
population origin, sample handling and annotation version, and are not matched adjacent-normal
tissue from the same patients. Long-read sequencing of population-matched paired adjacent-
normal tissue therefore remains the definitive route to confirming the tumour specificity of these
isoform events. In addition, although no significant differences in clinical characteristics were
observed between the male and female groups (Supplementary Table S1), residual confounding by
age, tumor stage, or histology cannot be completely excluded given the limited cohort size. Third,
although this study identified candidate isoform remodeling events and their potential biological
associations, functional consequences require further investigation using isoform-specific
manipulation approaches and protein-level validation. Fourth, bulk transcriptomic sequencing
cannot fully resolve the cellular origin and spatial distribution of sex-associated isoform regulation.
Future integration of single-cell long-read sequencing and spatial transcriptomic approaches may
enable cell-type-specific and spatially resolved characterization of transcript isoform regulation
[45].

Collectively, this study establishes an isoform-resolved framework for investigating sex-
associated molecular heterogeneity in thyroid carcinoma. Our findings demonstrate that sex
differences are not solely reflected by changes in gene expression abundance but also involve
coordinated remodeling of transcript structures, transcript processing, and isoform usage. These
results highlight transcript isoform remodeling as an additional molecular dimension of tumor
biology and suggest that long-read transcriptomics may provide complementary insights beyond
conventional gene-centric approaches for understanding cancer heterogeneity.

Conclusions

This study provides an isoform-resolved transcriptomic landscape of sex-associated heterogeneity
in thyroid carcinoma based on ONT full-length transcriptome sequencing. We demonstrate that
sex-associated molecular differences extend substantially beyond gene-level expression changes
and involve multilayered isoform regulation, encompassing differential transcript expression,
alternative splicing, alternative polyadenylation, transcript 3’ end remodeling, and differential
transcript usage. The identification of 56 candidates consistently altered across gene, transcript,
and transcript usage layers, together with directly resolved full-length isoform structures of
representative loci such as SNHGS (a multi-layer candidate) and PBX1 (an APA-associated locus),
offers concrete entry points for future functional investigation. These findings underscore the
importance of incorporating transcript-level regulation into studies of cancer biology and establish
a framework for dissecting sex-associated tumor heterogeneity with long-read transcriptomics.
External reference analysis further indicated that the great majority of these isoform-level sex-
associated events cannot be explained by baseline sex differences in normal thyroid or by
differences in gene expression abundance. Validation in larger independent cohorts and functional
characterization of the identified isoforms will be essential next steps toward translating these
molecular insights into clinical relevance.
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Figure 1. Comprehensive characterization of genes and transcripts identified by ONT full-length
transcriptome sequencing.

(A) Classification of identified genes and transcripts into known and novel categories, with the
numbers of total, known, and newly identified genes and transcripts.

(B) Distribution of genes containing different numbers of transcript isoforms.



(C) Distribution of exon numbers per transcript for known and novel transcripts.
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Figure 2. Gene-level and transcript-level differential expression reveals
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transcriptional alterations in thyroid carcinoma.
(A) PCA of samples based on gene expression profiles. (B) Volcano plot of DEGs between male
and female tumors. (C) Hierarchical clustering of samples based on DEG expression. (D) Volcano
plot of DETs between male and female tumors. (E) Comparison of the numbers of DETs and
DEGs identified between male and female thyroid carcinoma samples.
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Figure 3. Integration of gene- and transcript-level alterations reveals transcriptomic complexity
associated with sex differences in thyroid carcinoma.

(A) Venn diagram showing the overlap between DEGs and DETs. (B) GO enrichment analysis of
genes simultaneously identified as DEGs and DETs. (C) KEGG pathway enrichment analysis of
the same gene set. No pathway remained statistically significant after multiple-testing correction.
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Figure 4. Sex-associated alternative splicing landscape reveals post-transcriptional regulation in
thyroid carcinoma.

(A) Overview of AS events identified across male and female samples; seven event types were
analyzed. (B) Distribution of the 68 sex-associated differential AS events by event type. (C) GO
enrichment analysis of genes associated with differential AS events, shown for biological process,
cellular component, and molecular function categories. (D) KEGG pathway analysis of the same
genes; no pathway remained significant after multiple-testing correction.
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Figure 5. Sex-associated alternative polyadenylation landscape reveals transcript 3’ end
remodeling in thyroid carcinoma.

(A) Distribution of APA site numbers per gene across samples. (B) Volcano plot of differential
APA events between male and female tumors. (C) GO enrichment analysis of genes with
increased and decreased APA usage. (D) Numbers of APA-associated 3'UTR remodeling events,
classified as shortening (n = 52) or lengthening (n = 42).
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Figure 6. Multi-layer transcriptomic integration reveals sex-associated isoform remodeling in
thyroid carcinoma.

(A) Volcano plot of DTU events between male and female tumors (477 increased, 479 decreased
usage). (B) Venn diagram of the overlap among DEGs, DETs, and DTUs. For cross-layer
integration, DETs and DTU transcripts were mapped to their parent genes, and numbers in the
diagram represent gene-level counts; 56 candidates were shared across all three layers (see
Supplementary Table S8). (C) Transcript usage patterns of representative candidates (SNHGS,
PTCSC2, PBX1, VPS72). (D) ONT-resolved full-length transcript structures of SNHGS5 and
PBX1.
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Figure 7. Sex-associated expression is absent from normal thyroid but detectable at the exon-usage
level in tumours.

(A) Near-absence of autosomal sex-biased expression in normal thyroid tissue. Volcano plot of
sex-differential genes in normal thyroid from GTEx v8 (578 samples; 385 males, 193 females).
The x-axis shows log2 fold change (male minus female) and the y-axis shows —loglO(FDR). A
linear model of log2CPM ~ sex + age + RNA integrity number was fitted with Benjamini-
Hochberg correction. Significance was defined as FDR < 0.05 and [log2FC| > 1, yielding 28 genes.
Sex-chromosome genes are shown in red (male-biased) or blue (female-biased) and
immunoglobulin genes in orange. Positive controls including XIST (log2FC = —8.79) and
RPS4Y1 (+7.33) showed expected effect sizes. (B) External validation of sex-associated exon
usage in TCGA-THCA. Volcano plot of exon-level sex differences in 505 TCGA-THCA samples
(136 males vs. 369 females). Each point represents one exon from the nine candidate loci tested



(157 exons in total). The x-axis shows the difference in exon inclusion ratio (log2 exon-to-locus
mean expression ratio, male minus female); the y-axis shows —loglO(FDR) from Mann-Whitney
U tests with Benjamini-Hochberg correction. The Y-chromosomal gene KDMS5D (13 exons;
minimum FDR = 1.4 x 107®) serves as the positive control. Among the candidate genes, JPX (3
exons) and SNHGS (1 exon) show significant sex-biased exon usage (FDR < 0.05), whereas
PTCSC2 shows a consistent sub-threshold trend (FDR = 0.053). Autosomal exons with nominally
significant sex bias (18/134, binomial P = 0.003) support a broader, low-effect-size pattern of sex-
associated exon usage.
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Figure 8. Classification of sex-associated event genes against external normal-tissue references.
The 2,139 sex-associated event genes identified in this study were classified against external
references into four groups: class A (n = 11, 0.5%), sex-differential in both GTEx v8 and v10
normal thyroid, all sex-chromosome genes except CALCA; class B (n = 0), tumour-specific sex-
biased expression; class C (n = 1,917, 89.6%), no sex-biased gene-level expression in either
normal thyroid or thyroid tumours, yet showing isoform usage, alternative splicing or alternative
polyadenylation events; class D (n = 211, 9.9%), not evaluable because the gene was absent from
the external reference sets. Shading within bars indicates the number of analyses in which each
gene was detected.

Supplementary Tables
Supplementary Table S1. Clinical characteristics of the ten thyroid carcinoma patients.
Sample Sex Age (years) Histology  TNM stage Tumor sizeDriver
(cm) mutation
M TC 1 Male 58 PTC, pT1bNOMO 1.3 Not tested
classical
M TC 2 Male 34 PTC, pT1bNlaMx 1.3 Not tested
classical +
FV

M TC 3  Male 59 PTC, pT3NOMx 0.8 Not tested



Sample Sex Age (years) Histology = TNM stage Tumor sizeDriver

(cm) mutation

classical

M TC 4 Male 35 PTC, pT1aNOMO 0.8 Not tested
classical

F TC 1 Female 44 PTC, pT1bNOMO 1.5 Not tested
classical

F TC 2 Female 31 PTC, pT1aNOMx 0.6 Not tested
classical

F TC 3 Female 48 PTC, pT1bNOMx 1.4 Not tested
follicular
variant

F TC 4 Female 40 PTC, pT1aNOMx 0.6 Not tested
classical

F TC 5 Female 42 PTC, pTlaNOMx 1.0 Not tested
classical +
FV

F TC 6 Female 68 PTC, tall cell pT3bN1bMx 4.0 Not tested

P value (male— 0.908 0.571 1.000 0.500 NA

vs female)

Note: Categorical variables were compared between groups using Fisher exact test; continuous
variables were compared using Student t test (or Mann—Whitney U test if non-normally
distributed).

Supplementary Table S2. ONT full-length transcriptome sequencing quality metrics per
sample.

Sample Sex Total Full-length FLNC (%) Read N50Mean read Mapping
reads reads (bp) quality rate (%)

(FLNC)

M TC 1 Male 6,102,157 5,564,747 91.2 977 16.6 99.25

M TC 2 Male 5,821,029 5,268,070 90.5 997 16.7 99.27

M TC 3 Male 5,991,892 5,441,386 90.8 1,006 16.7 99.37

M TC 4 Male 5,585,424 5,065,151 90.7 1,064 17.1 99.78

F TC 1  Female 6,782,029 6,192,293 91.3 926 16.8 99.63

F TC 2 Female 6,681,781 5,994,344 89.7 891 16.3 98.95

F TC 3  Female 6,254,016 5,692,029 91.0 892 16.4 99.39

F TC 4 Female 6,645,799 5,959,475 89.7 1,001 16.9 99.42

F TC 5 Female 6,528,262 5,981,253 91.6 946 16.7 99.44

F TC 6 Female 6,702,449 6,129,574 91.5 976 16.9 99.70

Male mean— 5,875,126 +£5,334,839+90.8 £0.3 1,011 £37 16.8+0.2 99.4+0.2

+SD 225,116 217,102

Female — 6,599,056 +£5,991,495+90.8+0.9 939+45 16.7+0.3 99.4+0.3

mean + SD 188,288 173,323

P value— 0.010 0.010 0.610 0.038 0.914 0.610

(male  vs

female)

Note: Metrics were summarized from NanoPlot/NanoComp and minimap2 alignment statistics.
Group comparisons were performed using Mann—Whitney U test.

Supplementary Table S3. Complete list of differentially expressed genes (DEGs) between male
and female thyroid carcinoma samples.(See Supplementary Excel file, Tables S1 - S8.)
Supplementary Table S4. Complete list of differentially expressed transcripts (DETs).(See
Supplementary Excel file, Tables S1 - S8.)

Supplementary Table S5. Complete list of sex-associated differential alternative splicing



events.(See Supplementary Excel file, Tables S1 - S8.)

Supplementary Table S6. Complete list of differential alternative polyadenylation events and 3’
UTR remodeling events.(See Supplementary Excel file, Tables S1 - S8.)

Supplementary Table S7. Complete list of transcripts showing differential transcript usage (DTU)
between male and female thyroid carcinoma samples.(See Supplementary Excel file, Tables S1 -
S8.)

Supplementary Table S8. Multi-layer candidate genes consistently altered across DEG, DET,
and DTU analyses.(See Supplementary Excel file, Tables S1 - S8.)

Supplementary Table S9. Classification of the sex-associated event genes against external
normal-tissue references, with effect sizes and FDR values from GTEx v8/v10 and TCGA-
THCA.(See Supplementary Excel file.)

Supplementary Table S10. Complete lists of sex-differential genes in GTEx normal thyroid
and in TCGA-THCA adjacent-normal tissue.(See Supplementary Excel file.)
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