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The regulation of gene expression relies heavily on both transcriptional and translational control, yet how these two layers are 

coordinated remains largely unresolved. In this work, we applied Nanopore long-read sequencing together with cap analysis of 

gene expression (CAGE-seq) to chart the repertoire of 5′ and 3′ untranslated region (UTR) isoforms and transcription start sites 

(TSSs) in epidermal stem cells, normal keratinocytes, and squamous cell carcinoma cells. In squamous cell carcinomas, we 

observed that a select group of genes possessing alternative 5′UTR isoforms displayed markedly higher translational efficiency 

and were particularly enriched in ribosomal proteins and splicing-related factors. By integrating polysome fractionation with 

CAGE-seq, we investigated two of these genes sharing identical coding sequences and found that variability in TSS usage 

frequently resulted in switches between 5′ terminal oligopyrimidine (TOP) and pyrimidine-rich translational element (PRTE) 

motifs, promoting mTORC1-dependent translation. At a genome-wide scale, transcripts with higher translation in squamous 

cell carcinoma preferentially used 5′TOP and PRTE motifs, had shorter 5′UTRs, and showed reduced RNA secondary structure. 

Importantly, only the two RPL21 isoforms containing 5′TOP motifs, not the TOP-lacking versions, significantly correlated with 

patient overall survival in head and neck squamous cell carcinoma. These findings highlight the need for isoform-specific 

analysis in cancer studies and indicate that switching 5′UTR isoforms offers a straightforward mechanism to adjust protein 

synthesis rates, tune mTORC1 responsiveness, and regulate the translational potential of mRNAs through their 5′UTR sequence. 
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Introduction 

Precise spatial and temporal control of gene expression is 

fundamental for proper cellular function. Although 

transcription and translation are recognized as major 

regulatory points, their coordinated influence on gene 

expression remains incompletely defined. Recent 

evidence in yeast demonstrates a non-canonical 

regulatory strategy whereby numerous genes alternate 

between short and long 5′UTRs while maintaining 

identical coding sequences [1-4]. Because 5′UTRs are 

critical for ribosome recruitment and translation initiation 

[5], these alternative isoforms can lead to substantial 

differences in translational efficiency. For instance, 

during yeast meiosis, roughly 8% of genes were 

regulated via extended 5′UTRs, which were inefficiently 

translated due to upstream open reading frames (uORFs) 

[2]. These examples illustrate how precise 5′UTR 

composition can directly control protein output, 

emphasizing the importance of accurately mapping 

transcription start sites and 5′UTR variants. 

The 5′UTR sequence also interfaces with the mammalian 

target of rapamycin complex 1 (mTORC1) nutrient-

sensing pathway, which selectively enhances translation 

of mRNAs containing 5′TOP and PRTE motifs [6, 7]. 

Dysregulated mTORC1 activity is frequently observed in 

cancers and drives tumor progression [8]. Translational 

reprogramming under mTORC1 control is considered a 
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key process in cancer development [6, 9], making it 

essential to identify which mRNAs mediate this pathway. 

Here, we applied Nanopore long-read sequencing 

together with CAGE-seq to profile 5′ and 3′UTR 

isoforms in vivo in epidermal stem cells, wild-type 

keratinocytes, and cultured squamous cell carcinoma 

cells (SCCc). The combined dataset and de novo 

transcriptome annotations are provided via an accessible 

genome browser (Materials & Methods). By combining 

polysome profiling with CAGE-seq, we quantified the 

translational efficiency of individual 5′ isoforms, 

showing that highly translated SCC transcripts favor 

5′UTR motifs that drive mTORC1-dependent translation. 

Remarkably, only the two RPL21 isoforms containing 

TOP motifs, not the TOP-lacking isoforms, strongly 

stratified overall survival in head and neck squamous cell 

carcinoma patients, with survival differences up to 3.5 

years. 

These findings reveal the intricacy of TSS selection in 

mammals, demonstrating that minor differences in TSS 

location and 5′UTR isoform can profoundly influence 

translational output. Given the widespread heterogeneity 

of promoters, reliance solely on reference transcripts may 

miss crucial regulatory variation. Switching between 

TOP/PRTE and non-TOP/PRTE 5′UTRs provides a 

robust strategy to regulate translation of cancer-

associated genes. More broadly, alternative TSS usage 

[10] and splicing events [11] suggest that post-

transcriptional elements such as RNA-binding protein 

sites, uORFs [2, 3], and 5′TOP motifs may be extensively 

exploited in cancer to coordinate transcription with 

translation, thereby determining mRNA translational 

potential based on precise 5′ transcript sequence. 

Results and Discussion 

To comprehensively capture full-length transcriptomes, 

we performed Nanopore long-read RNA sequencing on 

mouse epidermal stem cells in vivo and cultured 

squamous cell carcinoma cells (SCCc), representing 

distinct biological contexts. Epidermal stem cells 

(EpSCs) were isolated from P60 (postnatal day 60) mice 

via rapid magnetic-activated cell sorting using anti-stem 

cell antigen-1 microbeads (Sca-1, Ly6a gene) [12, 13]. 

SCCc were derived from an established tumor allograft 

model combining oncogenic HrasG12V expression with 

TGFβ receptor II loss, which forms invasive squamous 

cell carcinomas when transplanted into 

immunocompromised mice [14]. Wild-type 

keratinocytes served as a reference (Figure 1a). 
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d) 

  
e) f) 

  

g) h) 

Figure 1. Mapping alternative mRNA isoforms in mouse skin via Nanopore long-read sequencing 

a Schematic of the experimental workflow used to isolate 

SCA-1+ epidermal stem cells (EpSCs), wild-type 

keratinocytes (WT), and cultured squamous cell 

carcinoma cells (SCCc) for long-read sequencing. 

b Length distribution of Nanopore sequencing reads for 

EpSCs, WT keratinocytes, and SCCc. Average read 

lengths ranged from 943 to 1035 bp (EpSC: 943 bp; WT: 

1035 bp; SCCc: 994 bp). 

c Analysis pipeline for identifying and quantifying 

alternative transcript isoforms. Nanopore reads were 

aligned to the mouse genome, and transcripts were 

reconstructed with StringTie. SQANTI3 was applied for 

transcript classification and quality filtering, followed by 
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validation with CAGE-seq TSSs to generate a high-

confidence transcriptome. SplAdder was then used 

alongside short-read RNA-seq data to detect and quantify 

alternative splicing events. 

d Overview of the total number of transcripts identified 

by StringTie in EpSCs, WT keratinocytes, and SCCc 

prior to SQANTI3 and CAGE-seq filtering. The left 

panel shows transcript counts per category, and the right 

panel illustrates representative examples of the 

classification. 

e Count and type of significantly altered splicing events 

in EpSCs and SCCc relative to WT keratinocytes, 

identified by SplAdder. 

f, g Distribution of alternative splicing events in SCCc 

(F) or EpSCs (G) versus WT keratinocytes. Color codes 

represent alternative 5′ or 3′ splice sites, exon skipping, 

and intron retention. The x-axis indicates isoform 

proportion relative to total gene expression, and the y-

axis shows fold change of the splicing event. 

h Volcano plot displaying fold changes for significantly 

altered splicing events in SCCc compared with WT 

keratinocytes. Red dots highlight events with >2× fold 

change. 

i Gene ontology (GO:0010467) enrichment for genes 

with significant splicing changes in SCCc, highlighting 

ribosomal proteins and splicing factors. The top 20 GO 

terms are shown alphabetically; circle size represents the 

number of overlapping genes, x-axis shows the fraction 

of overlap, and blue tones indicate FDR. 

Across all samples, 158.1 million reads were generated, 

with mean lengths of 943–1035 bp (Figure 1b). De novo 

transcriptome assembly with StringTie [15] 

reconstructed 210,630 transcripts, including 39,392 

perfectly matching the reference genome intron chain 

(Figures 1c and 1d). Around 62% of genes produced a 

single transcript, 17% produced two or three, and the 

remaining 21% had four or more isoforms (Figure 1a). 

Applying SQANTI3 for classification and filtering 

yielded 149,434 high-confidence transcripts (1 QC in 

Materials & Methods). Further filtering using CAGE-seq 

data resulted in a curated set of 77,017 isoforms (Figures 

1c and 1b). 

Using the SplAdder toolbox [16], we quantified 

alternative isoforms and their differential expression in 

EpSCs and SCCc relative to WT (Figures 1e–h). At 

stringent confidence thresholds, 243 and 496 

significantly altered splicing events were detected in 

EpSCs and SCCc, respectively. The majority involved 5′ 

and 3′ alternative splice sites, exon skipping, or intron 

retention (Figure 1e). In EpSCs, exon skipping 

predominated, whereas SCCc additionally showed 50 

alternative 5′ and 63 alternative 3′ splice events. 

Alternative splicing events occurred across a wide range 

of relative isoform abundances compared to total gene 

expression (Figures 1f and 1g). 

Genes with significant splicing changes in SCCc were 

enriched for ribosomal proteins and splicing factors 

(Figures 1h and 1i), including 23 genes encoding 40S 

and 60S ribosomal subunits (Figures 2a, b1c and d). 

Many of these proteins are located on the ribosome 

surface, including Rpl38, which has been linked to 

selective translation of specific mRNA subsets [17]. The 

5′UTRs of these 23 ribosomal proteins exhibited higher 

GC content and more structured secondary elements than 

other ribosomal proteins (Figure 1i). The total number of 

ribosomal protein isoforms increased from 264 in WT to 

290 in SCCc. Collectively, these analyses provide a 

comprehensive view of alternative transcript isoforms 

and suggest that a subset of translation-related genes 

undergoes differential splicing in SCCc. 

 

  

a) b) 



Arch Int J Cancer Allied Sci, 2025, 5(1):161-178                                                                              Fonseca et al. 
 

 

 

165 

 
c) 

 
 

d) e) 

Figure 2. Alternative 5′UTR isoforms correlate with enhanced translational efficiency in squamous cell 

carcinomas 

a Mapping of ribosomal proteins on the human 80S 

ribosome, highlighting those whose mRNAs exhibit 

significant alternative splicing in SCCc. Note that RPLP0 

and RPLP2 were not represented in the structural model. 

b STRING network analysis depicting protein–protein 

interactions among alternatively spliced genes associated 

with the GO term “gene expression” (GO:0010467) in 

SCCc relative to WT keratinocytes. 

c Translational efficiency (TE) of genes with significant 

alternative splicing events in the 5′UTR is elevated in 

SCCc. TE was calculated as the ratio of ribosome 

profiling reads to RNA-seq reads and analyzed using the 

LRT test in DESeq2. Fold-change comparisons were 

made for genes with alternative splicing in the 5′UTR, 

CDS, or 3′UTR versus all genes. P-values derive from a 

two-sample Kolmogorov–Smirnov test comparing TE 

distributions. 

d Counts and categories of alternative splicing events in 

SCCc affecting the 5′UTR, CDS, or 3′UTR. SS indicates 

splice sites. 

e Most SCCc genes with alternative 5′UTR isoforms 

express transcripts that either include or exclude 5′TOP 

motifs. TOP motifs were defined by a +1 cytidine 

followed by 4–16 consecutive pyrimidines. Left panel: 

fraction of StringTie-derived 5′UTR isoforms containing 

a TOP motif for each gene (0–1, corresponding to 0–

100%). Right panel: number of isoforms with or without 

TOP motifs in the cohort of SCCc genes with alternative 

5′UTRs. 

Given the critical role of the 5′UTR in regulating 

translation [5], we examined how alternative 5′UTR 

isoforms in SCCc impact translational efficiency. Among 

significant alternative splicing events, 73 altered 5′UTRs 

and 275 affected 3′UTRs. Of the 23 ribosomal proteins 

with differential splicing, 12 showed alternative 5′UTR 

isoforms. Most splicing events involved alternative 5′ or 

3′ splice sites, intron retention, or exon skipping (Figure 

2d). 

We used previously published ribosome profiling and 

RNA-seq data from WT keratinocytes and HrasG12V; 

Tgfbr2-null SCCc to calculate TE as a proxy for protein 
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output per mRNA [18]. TE was assessed at the gene 

level, noting that low-abundance isoforms might not be 

captured in overall TE shifts. Splicing changes in 3′UTRs 

did not significantly alter gene-level TE, which remained 

similar to the global gene set (Figures 2c and 2d). In 

contrast, genes with alternative 5′UTRs showed a marked 

increase in TE (median log2 fold change 0.23 vs. 0.011 

for all genes). Genes with alternative CDS isoforms 

exhibited a bimodal TE distribution with only modest 

median changes (median log2 fold change 0.13 vs. 0.011; 

Figures 2c and d). These findings indicate that SCCc 

selectively utilizes alternative 5′UTR isoforms to 

enhance translation for a subset of genes. 

Translation factor mRNAs often carry 5′ terminal 

oligopyrimidine (TOP) motifs, which coordinate 

translation of the TOP gene family [19]. TOP-mediated 

translation is controlled by the mTORC1 nutrient-

sensing pathway [6, 7]. TOP motifs are defined as a +1 

cytidine adjacent to the 5′ cap, followed by 4–16 

consecutive pyrimidines. To assess TOP motif content, 

we analyzed de novo 5′ sequences from StringTie 

transcripts of SCCc genes with alternative 5′UTRs. Most 

genes expressed both TOP-containing and non-TOP 

isoforms (Figure 2e), suggesting the potential for 

toggling between mTORC1-dependent and -independent 

translation. 

Previous work has shown that 5′TOP motifs exist along 

a continuum of transcription start sites (TSSs), with the 

combination of TOP and non-TOP isoforms influencing 

mTORC1/LARP1-mediated translational regulation 

[19]. A “TOPscore” metric incorporates TSS 

heterogeneity and motif length to predict mTORC1 

sensitivity. Genome-wide mapping has also revealed 

over a thousand additional mRNAs harboring 5′TOP 

motifs beyond canonical TOP genes [20]. 

To validate TSS positions from our long-read 

sequencing, we captured capped 5′ transcript ends from 

EpSCs, WT keratinocytes, and SCCc using CAGE-seq 

(Figure 3a) [21]. Large-scale 5′ end mapping enables 

precise TSS identification, promoter prediction, and 

calculation of TOPscores in different cell types. 

Mammalian promoters are classified as sharp, TATA-

box-enriched promoters or broad, CpG-rich promoters 

[22]. Using the CAGEr pipeline [23], we observed that 

WT keratinocytes and SCCc exhibited increased 

promoter width compared to EpSCs, consistent with 

greater use of flexible TSSs in differentiated cells relative 

to stem cells (Figure 3b). 
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Figure 3. 5′UTR isoform switches of Rpl21 and Rpl29 enhance translation in squamous cell carcinomas 

https://www.nature.com/articles/s41388-022-02578-2/figures/3
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A Overview of the cap analysis of gene expression 

(CAGE-seq) workflow for mapping transcription start 

sites (TSSs) in SCA-1+ epidermal stem cells (EpSCs), 

wild-type keratinocytes (WT), and cultured SCCc. 

B Genome-wide promoter width is broader in WT 

keratinocytes and SCCc. Promoter width was computed 

using the CAGEr pipeline, and P-values correspond to 

Wilcoxon tests comparing promoter width distributions. 

C Distribution of TOP scores shows that WT and SCCc 

have higher median values, although fewer transcripts 

exceed a TOP score >2. TOP scores were calculated 

using CAGE-seq data and the previously reported script 

[19]. Left panel: overall distribution and count of 

transcripts with TOP score >2 (numbers below). Right 

panel: distribution of transcripts exceeding TOP score 

>2, including only genes with >500 average CAGE-seq 

reads. Wilcoxon tests compare distributions. 

D TOP scores for the 97 core 5′TOP mRNAs in EpSCs, 

WT keratinocytes, and SCCc. P-values indicate 

Wilcoxon test comparisons between cell types. 

E, F Visualization of Nanopore long-read and CAGE-seq 

data for Rpl21 and Rpl29, with transcript annotations. 

Red indicates 5′TOP motifs (defined as a +1 C followed 

by 4–16 consecutive pyrimidines). PRTE motifs are 

defined by nine consecutive pyrimidines with a 

conserved U at position 6. Letters next to transcripts 

correspond to luciferase constructs tested in H and I. 

Lower panels: orange windows highlight major TSS 

regions in EpSCs, WT, and SCCc; fractions indicate the 

proportion of CAGE-seq reads in these windows. 

Labeling of 5′TOP, non-TOP, or PRTE refers to major 

CAGE peaks rather than annotated transcripts. FPKM 

values were obtained from long-read sequencing. 

G CAGE-seq read distribution in Rpl21 window 3. 

Although the annotated transcript starts with a 5′TOP 

motif, WT keratinocytes display a major TSS 8 

nucleotides downstream, lacking a 5′TOP motif. 

H, I Translational efficiencies of Rpl21 and Rpl29 

5′UTR isoforms. WT or SCCc cells were transfected with 

Firefly luciferase reporters containing Rpl21 or Rpl29 

5′UTRs, along with a Renilla control. Cells were treated 

for 3 h with 500 nM Torin 1 (+) or DMSO (−) before 

harvesting. Isoform labels correspond to panels E and F. 

The first WT construct was set to 100%. “TOP mut” 

indicates constructs in which the 5′TOP motif was 

mutated. Data represent mean ± s.d. of three independent 

experiments. Asterisks indicate P < 0.05 (ANOVA). 

mTORC1 dependency was calculated as: (SCC no Torin 

1 – SCC Torin 1)/(SCC no Torin 1 – WT Torin 1). 

To investigate the use of TOP motifs, we applied the 

TOPscore metric, which incorporates both consecutive 

C/U content and the peak height at each 5′CAGE-seq end 

[19]. WT and SCCc displayed higher median TOPscores 

compared to EpSCs (Figure 3c), suggesting that 

differentiated cells and SCCc utilize more 5′ motifs 

subject to mTORC1/LARP1-mediated translational 

regulation. Core 5′TOP mRNAs typically have TOP 

scores between 2 and 6 [19]. Interestingly, although 

EpSCs have a lower median TOPscore, the number of 

transcripts exceeding a score of 2 was higher than in WT 

or SCCc (Figure 3c, numbers below left panel). Broad 

promoter regions in WT and SCCc (Figure 3b) 

corresponded to less strict 5′TOP motif usage, also 

observed among “core” 5′TOP mRNAs (Figure 3d). 

To experimentally assess the impact of 5′UTR isoforms 

on translation, we focused on Rpl21 and Rpl29, which 

exhibited distinct 5′UTR isoforms in the Nanopore 

dataset and were highlighted in the SplAdder analysis 

(Figures 3e–g, 1f and 1g). Both genes encode multiple 

5′UTR isoforms with identical coding sequences and 

3′UTRs. Several Rpl21 and Rpl29 5′UTR isoforms were 

significantly altered in SCCc based on RNA-seq data and 

Ensembl annotations (Figure 1e). Rpl21 and Rpl29 also 

exhibited increased gene-level translational efficiencies 

in SCCc compared to WT keratinocytes (log2 fold 

change: 1.38 and 1.25, respectively). 

Using our de novo transcriptome and CAGE-seq data, we 

updated the 5′UTR annotations. Unlike other ribosomal 

proteins with sharp promoters, such as Rpl10 (Figure 

1h), Rpl21 and Rpl29 have broad promoter regions. We 

cloned major 5′UTR isoforms into Firefly luciferase 

reporters and transfected them into WT and SCCc to 

measure translational efficiency via dual-luciferase 

assays, normalized to Renilla control. To test mTORC1 

dependence, cells were treated with Torin 1 or subjected 

to 5′TOP motif mutation. 

Aligned with the translational efficiency measurements 

obtained via ribosome profiling and RNA-seq, SCCc 

exhibited generally elevated TEs for the 5′UTR reporter 

constructs (Figures 3h and 3i). Given the higher 

quantitative resolution of CAGE-seq compared with 

long-read sequencing, we examined the distribution of 

CAGE-seq peaks for Rpl21, revealing a relative shift in 

TSS usage from window 3 in WT keratinocytes toward 

windows 1 and 2 in SCCc (Figures 3e and 3f). This TSS 

reallocation coincided with increased TE in SCCc, as 

evidenced by the luciferase construct corresponding to 

window B showing greater translation efficiency than 
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constructs C and D, which map to the WT window 3 

(Figure 3h, left panel, B vs. C/D). 

Nevertheless, this analysis also highlighted a limitation: 

for broad promoters, 5′UTR luciferase reporters may not 

fully capture regulatory nuances, since minor variations 

in the precise TSS can determine the presence of 5′TOP 

motifs and thereby influence translational control. For 

example, in Rpl21 window 3, the predominant TSS in 

WT keratinocytes is located eight nucleotides 

downstream of the annotated 5′TOP, generating a non-

TOP isoform. In SCCc, this TSS region broadens to 

include isoforms containing 5′TOP motifs (Figure 3g). 

Despite these complexities, mTORC1 dependency of the 

5′TOP-containing constructs (Rpl21-B/D, Rpl29-

B/C/D) was validated through treatment with Torin 1 or 

mutation of the TOP motif (Figures 3h and 3i), whereas 

the TOP-less construct Rpl21-A displayed no mTORC1 

sensitivity. Interestingly, Rpl21-C, which contains a 

5′TOP motif, did not show reduced TE upon Torin 1 

treatment (Figures 3h and 3i). Prior studies have 

reported that over 90% of mTORC1-regulated mRNAs 

possess either a 5′TOP or a pyrimidine-rich translational 

element (PRTE), implying that either motif predicts 

mTORC1 responsiveness [6]. Consistently, although 

Rpl21-A lacks a 5′TOP and its PRTE motif does not 

confer sensitivity, the TOP-less Rpl29-A harbors a 

PRTE, explaining its mTORC1 regulation despite 

lacking a canonical TOP motif. 

To overcome potential limitations of reporter assays and 

the overexpression bias of transient transfection, we 

analyzed endogenous mRNAs. WT and SCCc were 

subjected to sucrose gradient fractionation, separating 

transcripts into light polysome fractions (≤3 ribosomes) 

and heavy polysome fractions (≥4 ribosomes), 

representing low and high translational efficiencies, 

respectively. CAGE-seq was then performed on mRNAs 

from each fraction to map precise TSSs (Figure 4a). In 

agreement with earlier O-propargyl-puromycin (OPP) 

incorporation studies, SCCc showed reduced polysome 

occupancy relative to WT keratinocytes, indicating 

diminished global translation, likely due to increased 

eIF2α phosphorylation [18]. Nonetheless, SCCc 

demonstrated elevated mTORC1 activity, as reflected by 

higher phosphorylation of canonical targets 4E-BP1 and 

S6K (Figure 2a). This indicates that mTORC1 can 

selectively enhance translation of specific mRNA subsets 

even when overall protein synthesis is reduced. 

Analysis of promoter width revealed that transcripts with 

higher translation efficiency generally originate from 

narrower promoters compared with transcripts in light 

polysomes (Figure 4b). Genome-wide assessment of 

5′TOP and PRTE motifs within light and heavy polysome 

fractions, guided by precise CAGE-seq peak mapping, 

showed that SCCc consistently had higher TOP and 

PRTE scores than WT across both fractions (Figures 4c 

and 2e). This trend was also reflected in the number of 

transcripts with TOPscore >2 (Figure 4c) [19]. 

Furthermore, heavy polysome fractions exhibited greater 

TOP and PRTE scores than light fractions in both WT 

and SCCc. Overall, these results indicate that SCCc 

undergoes a genome-wide shift toward increased usage 

of 5′TOP and PRTE motifs, facilitating mTORC1-

mediated translational control and generally correlating 

with higher translational efficiency. 
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Figure 4. High translational potential of 5′UTR isoforms in squamous cell carcinoma 

A Strategy combining polysome fractionation with cap 

analysis of gene expression (CAGE-seq) for mapping 

transcription start sites (TSS) in wild-type (WT) 

keratinocytes and SCCc. Lysates were separated on 

sucrose density gradients, collecting light polysome (LP; 

≤3 ribosomes) and heavy polysome (HP; ≥4 ribosomes) 

fractions. RNA extracted from these fractions was used 

to generate CAGE libraries. Results represent averages 

from two independent experiments. 

B Promoter width is narrower in heavy polysome 

fractions for both WT and SCCc. 

C Median TOP and PRTE scores were elevated in SCCc 

transcripts across LP and HP fractions, along with an 

increased number of transcripts with TOPscore >2 (total 

transcript counts shown below the graph). TOPscores 

were computed using WT and SCCc LP/HP CAGE-seq 

data with the published script [19]. PRTE scores were 

calculated by identifying PRTE motifs and normalizing 

https://www.nature.com/articles/s41388-022-02578-2/figures/4
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by total reads: median PRTE scores were 22.9 (WT LP), 

25.8 (WT HP), 24.9 (SCCc LP), and 26.9 (SCCc HP). 

PRTE-containing 5′UTRs were defined as PRTE score 

>10, with motifs consisting of nine consecutive 

pyrimidines and a conserved uridine at position six. 

D, E Distribution of CAGE-seq peaks in total, LP, and 

HP fractions for the three main TSS windows in WT and 

SCCc, normalized and autoscaled for direct comparison. 

Ratios of HP/LP were used as proxies for translational 

efficiency (TE), categorized as low (<1), medium (1–3), 

and high (>3). Red bars indicate potential 5′TOP TSSs or 

PRTE-containing sequences. 

F TOPscores across LP and HP fractions for the set of 

5′UTR isoforms. 

G Heavy polysome-associated 5′UTRs in SCCc show 

reduced RNA secondary structure and fewer potential 

upstream open reading frames (uORFs). CAGE ctss were 

clustered into promoter regions using the CAGEr 

pipeline, and DESeq2 identified significantly altered 

clusters. Corresponding 5′UTRs were examined for 

minimum free energy, length, GC content, and potential 

uORF start sites (NUG: AUG, CUG, GUG, UUG). P-

values were determined using the Wilcoxon test. 

Analysis of Rpl21 and Rpl29 revealed that the main WT 

TSS windows (Rpl21-3, Rpl29-2) correspond to low TE 

(HP/LP ratios), whereas SCCc preferentially use TSS 

windows Rpl21-1, Rpl29-1, and Rpl29-3, showing 

medium to high TE (Figures 4d and 4e). Notably, 

Rpl21-1 has high TE without 5′TOP motifs. Similarly, 

Rpl29-1 lacks 5′TOP at the annotated transcript start, but 

its broad TSS window includes three stretches of 5′TOP 

motifs with high TE (Figures 4d and 4e). These 

observations highlight that broad promoter regions may 

harbor additional functional 5′TOP motifs not reflected 

in annotated TSS. Since either 5′TOP or PRTE motifs 

predict mTORC1 responsiveness [6], we also assessed 

PRTE presence; Rpl21-1 and Rpl29-1 contained PRTE 

motifs, consistent with potential mTORC1-dependent 

translation. Across all 73 5′UTR isoforms, TOPscores 

trended higher in SCCc and in HP fractions, though 

heterogeneity prevented statistical significance (Figure 

4f). These results suggest that SCCc preferentially select 

TSSs associated with high TE and genome-wide 

enrichment of 5′TOP and PRTE motifs (Figure 4c). 

To further characterize features of efficiently translated 

5′UTR isoforms, HP fractions from WT and SCCc were 

compared. CAGE ctss were grouped into tag cluster 

promoter regions, and DESeq2 identified significantly 

altered clusters. Corresponding 5′UTRs in SCCc HP 

fractions exhibited less negative folding free energy, 

lower GC content, and, when normalized for length, 

reduced secondary structure (Figure 4g). Although NUG 

density was higher in SCCc, shorter 5′UTRs resulted in 

fewer total potential uORFs, supporting improved 

scanning and translation initiation (Figure 4g). These 

data indicate that SCCc not only increase 5′TOP/PRTE 

motif usage but also express 5′UTRs optimized for 

translation efficiency. 

Finally, the relevance of 5′UTR isoform switching in 

human cancer was assessed in 519 HNSCC patients. 

Elevated RPL21, but not RPL29, total mRNA levels 

correlated with reduced overall survival (Figures 5a–c, 

2b, 3a and b). RPL21 encodes four isoforms differing 

only in 5′UTRs while producing identical proteins. The 

two TOP motif-containing isoforms were significantly 

associated with survival (Figures 5b and 4). Patients 

with low RPL21-201 expression had a median survival 

of 89 months versus 48 months for high expressers, an 

increase of ~3.5 years. Non-TOP isoforms showed no 

correlation, while TOP-like isoforms weakly correlated 

with survival (Figure 5b and 4). Analysis of alternative 

5′UTR splicing (RPL21-201/204 vs. RPL21-203) also 

stratified overall survival in HNSCC patients (Figures 

5d and 4). Collectively, these findings support that 

5′UTR isoform switching may contribute to cancer 

progression and warrant isoform-specific investigation in 

human datasets. 
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Figure 5. Association of RPL21 5′TOP-containing isoforms with survival in HNSCC patients 

a Higher RPL21 mRNA expression correlates with 

decreased overall survival in head and neck squamous 

cell carcinoma (HNSCC). Shown are the top versus the 

bottom quartiles in TCGA HNSCC samples (n = 519). 

Cox regression hazard ratio = 1.4629. 

b Among RPL21 isoforms, only the TOP motif-

containing transcripts 201 and 202, not the TOP-less 203, 

are linked to shorter overall survival. Quartile expression 

in TCGA HNSCC (n = 519). The four primary isoforms 

all encode the same 160-amino-acid protein; two feature 

canonical 5′TOP motifs (red), one carries a TOP-like 

motif (blue), and one lacks a TOP motif. 

c Expression of translation-related, alternatively spliced 

genes in TCGA HNSCC (n = 519) versus non-diseased 

esophageal tissue (no pharynx controls available). 

d Alternative splicing distinguishes survival outcomes. 

The ratio of events for survival-associated transcripts 

RPL21-201/204 versus non-correlating RPL21-203 was 

used to stratify top and bottom quartiles of overall 

survival in HNSCC patients (n = 519). 

Transcription and translation jointly dictate nearly 90% 

of cellular protein abundance [24], yet the extent of their 

direct coordination across biological contexts remains 

unclear. Here, we combined Nanopore long-read 

sequencing with polysome-associated CAGE-seq to 

define 5′UTR isoform usage and promoter architecture in 

epidermal stem cells and cultured SCCc. The resulting 

annotated transcriptomes are publicly accessible through 

a genome browser. 

We found that a limited subset of 5′UTR isoforms in 

SCCc modulates translational efficiency (TE) of their 

coding sequences. Globally, SCCc transcripts with high 

TE preferentially utilize 5′UTR motifs known to enhance 

mTORC1-dependent translation. Crucially, elevated 

levels of TOP motif-containing—but not TOP-less—

RPL21 isoforms significantly associate with reduced 
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survival in HNSCC, emphasizing the functional 

importance of specific 5′UTR configurations. 

These data suggest that, for translation-related genes, 

isoform identity may be a stronger determinant of protein 

output than total mRNA quantity. Supporting this, 

genome-wide correlations between mRNA and protein in 

HNSCC averaged rs = 0.52, but ribosomal proteins, 

including RPL21 and RPL29, exhibited weak 

correlations (Figures 2c and 2d) [25]. This highlights the 

role of post-transcriptional control, particularly via 

5′UTR-driven translational potential, in regulating 

ribosomal protein levels in tumors. Despite the small 

number of 5′UTR switches observed, genome-wide 

translation regulators likely remain dominant for overall 

protein synthesis. 

Switching 5′UTR isoforms represents a non-canonical, 

efficient mechanism for controlling translation [1-3, 26]. 

Our study adds to this framework by showing that 

exposing or masking 5′TOP and PRTE motifs can 

dramatically adjust mRNA TE in cancer cells. Even 

minor shifts in TSS selection can reveal or hide 

regulatory 5′UTR elements, altering mTORC1 

dependency [6,  7]. Given the prevalence of alternative 

splicing and heterogeneous TSS usage [10,  11], isoform 

switching could allow tumors to dynamically control 

translational potential by encoding uORFs, RBP motifs, 

and 5′TOP/PRTE elements in their 5′UTRs at different 

stages of progression. 

Materials and Methods  

Genome browser access 

All Nanopore long-read RNA sequencing data, CAGE 

datasets, and de novo assembled transcriptomes can be 

explored via the UCSC genome browser at: 

https://genome-euro.ucsc.edu/s/umeshghosh/cage_ont. 

Nanopore expression levels are presented as TPM 

(transcripts per kilobase million), while CAGE signals 

are displayed as tags per million. Note that bigwig files 

are used instead of bam files, which may slightly change 

visual representation. Updated browser links will also be 

maintained on GitHub: 

https://github.com/ugdastider/long_read_paper. 

Nanopore long-read RNA sequencing 

RNA extraction was performed using TRIzol LS 

(Thermo Fisher, 10296010), followed by purification 

with the Direct-zol™ RNA Miniprep Kit (Zymo 

Research, R2050). Libraries were constructed according 

to the SQK-PCS109 protocol (Oxford Nanopore 

Technologies, UK). In brief, polyadenylated RNA was 

enriched with oligo(dT) primers, annealed, and reverse 

transcribed. After template-switching, PCR 

amplification was performed using rapid attachment 

primers, followed by ligation of rapid 1D adapters. 

Sequencing was carried out on a PromethION device 

(Oxford Nanopore Technologies, UK). 

Isolation of adult mid-telogen Epidermal Stem Cells 

(EpSCs) 

Female C57BL6 mice aged P56–60 were purchased from 

Janvier. Epidermal stem cells were isolated from telogen 

back skin following a modified version of the previously 

reported method [27]. Subcutaneous fat and muscle were 

removed, and skin was incubated in 0.5% Trypsin-EDTA 

(10X; Gibco, 15400054) at 37 °C for 25 min on an orbital 

shaker. Skin was scraped to obtain a single-cell 

suspension, and trypsin was neutralized with PBS 

containing 2% chelexed FBS (Gibco, 10010-015). Cells 

were filtered through 70 µm and 40 µm strainers 

(Corning, 431750, 431751) and pelleted. SCA-1+ EpSCs 

were enriched using magnetic-activated cell sorting 

(MACS) with Anti-SCA-1 microbeads (Miltenyi Biotec, 

130-106-641), MS columns, and a MultiStand system 

(Miltenyi Biotec, 130-042-201). Purified EpSCs were 

pelleted, resuspended in Trizol LS, and RNA was 

extracted using Direct-zol™ RNA MiniPrep Kit (Zymo 

Research, R2050). RNA concentration was measured 

using the Qubit™ RNA BR assay (Invitrogen, Q10210). 

All procedures were approved by the Veterinary Office 

of the Canton of Zurich, Switzerland (License 

ZH233/2019). 

Cell culture conditions 

Cells were maintained in 0.05 mM Ca²⁺ E-media 

formulated in-house using DMEM/F12 supplemented 

with 15% chelated FBS, 5 µg/mL insulin, 5 µg/mL 

transferrin, 2 nM triiodothyroxine, 40 µg/mL 

hydrocortisone, and 10 nM cholera toxin. Cultures were 

incubated at 37 °C in 5% CO₂. HrasG12V; Tgfbr2 

knockout cells were previously established [14]. Primary 

newborn mouse keratinocytes from wild-type mice were 

cultured on 3T3-S2 feeders in 0.05 mM Ca²⁺ E-media 

with 15% serum [27]. Cells were periodically tested for 

mycoplasma contamination every three months using the 

Mycoplasma PCR Detection Kit (Sigma, D9307). 

Luciferase reporter assays 

https://genome-euro.ucsc.edu/s/umeshghosh/cage_ont
https://github.com/ugdastider/long_read_paper
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0.25 × 10⁶ cells were seeded in 6-well plates with 2 mL 

E-media 24 h before transfection. Transfection mixes 

contained 1.5 µg Rpl29/Rpl21-F-Luc and 0.5 µg R-Luc 

control plasmid, delivered with Lipofectamine 2000. 

Two hours post-transfection, cells were treated with 

500 nM Torin 1 or DMSO and harvested 5 h after 

transfection. Cells were washed briefly with PBS and 

lysed in passive lysis buffer. Firefly and Renilla 

luciferase activities were measured at room temperature 

using the Dual-Luciferase Reporter Assay System 

(Promega, E1980) on a Tecan Infinite M1000Pro plate 

reader. Experiments were carried out in biological 

triplicate. 

Quantitative real-time PCR 

Cells were lysed in TRIzol LS (Thermo Fisher, 

10296010), and RNA was extracted via chloroform 

separation, followed by isopropanol precipitation and 

resuspension in H₂O. For cDNA synthesis, 0.5 µg RNA 

was combined with 0.5 µg random hexamers (N6), 

denatured at 72 °C for 5 min, and reverse transcribed with 

1× SSIII RT buffer, 1 mM dNTPs, 5 mM DTT, and 

0.5 µL SSIII (Invitrogen, 18080093) to 20 µL total 

volume. The RT reaction was incubated at 55 °C for 1 h 

and terminated at 70 °C for 10 min. qPCR was performed 

in 10 µL reactions using 1× iTaq Universal SYBR Green 

Supermix (Biorad, 1725121), 0.4 µM of each primer, and 

1 µL cDNA. 

Bioinformatic analysis 

All computational analyses were conducted on an 

Ubuntu 18.04.5 cluster equipped with 32 CPU cores and 

128 GB RAM. Unless otherwise noted, software was run 

with default settings. Python version 3.8.6 was used 

unless specified. 

Nanopore long-read data processing 

Raw long-read sequencing outputs were processed using 

the Nextflow nanoseq v1.1 pipeline [28] together with a 

custom analysis workflow. Quality metrics for fastq files 

and sequencing performance were evaluated using 

FastQC and NanoPlot [29]. Reads were mapped to the 

mouse reference genome Gencode GRCm38 (version 

M25) via minimap2, which supports both spliced and 

unspliced alignments. Isoform assembly and abundance 

estimation were performed using StringTie2 [15], and 

merged transcriptomes were compared with 

GFFcompare v0.11.2 [30]. The datasets are available in 

GEO GSE179525: wild-type keratinocytes 

(GSM5419823), SCCc (GSM5419824), and epidermal 

stem cells (GSM5419822). 

Short-Read RNA-seq data handling 

Short-read RNA sequencing data were processed with 

the Nextflow RNA-seq pipeline [28] combined with 

custom scripts. Fastq files underwent quality checks via 

FastQC, and adapter trimming and quality filtering were 

performed using TrimGalore. STAR v2.6.1 [31] was 

used for alignment to GRCm38, followed by transcript 

quantification with Salmon [32]. Coverage visualization 

tracks in BigWig format were generated with BEDTools, 

and MultiQC compiled the quality assessments across all 

analyses. 

Differential expression analysis 

Raw counts at the gene and transcript levels were 

analyzed using DESeq2 [33] to detect differentially 

expressed (DE) genes across conditions. The top 500 

most variable genes were selected for hierarchical 

clustering and PCA plots after variance-stabilizing 

transformation (vst) normalization to identify outliers. 

Counts were normalized using the median-of-ratios 

approach, dispersion was estimated, and generalized 

linear models were fitted for each gene. Wald test p-

values were adjusted with the Benjamini–Hochberg 

method, and genes with FDR <0.05 were used in 

downstream analyses. 

Ribosome profiling data 

Ribosome profiling datasets were processed similarly to 

short-read RNA-seq, with an additional filtering step to 

remove reads mapping to a combined reference of 

ribosomal, mitochondrial, or tRNA sequences [34] using 

Bowtie2 v2.4.1 [35]. 

Sample details for ribosome profiling and RNA-Seq 

Previously published datasets [18] of ribosome profiling 

and short-read RNA-seq from wild-type keratinocytes 

and Hras(G12V); Tgfbr2 null SCCc were employed, with 

data available at GEO GSE83332 and GSE179525: 

• Wild-type keratinocytes: S11, S13, S14 (Ribosome 

profiling, GSM2199591, GSM2199593, 

GSM2199594); S27, S28 (RNA-seq, 

GSM2199607, GSM2199608) 

• SCCc: S23, 197, S24 (Ribosome profiling, 

GSM2199603, GSM5419825, GSM2199604); 211, 

212 (RNA-seq, GSM5419826, GSM5419827) 



Arch Int J Cancer Allied Sci, 2025, 5(1):161-178                                                                              Fonseca et al. 
 

 

 

175 

• Epidermal stem cells: S7, S8 (RNA-seq, 

GSM2199587, GSM2199588) representing P4 

epidermis enriched for stem cells. Note: P60 SCA-

1+ EpSCs ribosome profiling data were not 

available. 

Curated transcriptome generation 

For the curated transcriptome, isoform quantification was 

conducted using SQANTI3 [36], integrating short-read 

RNA-seq sequentially. The initial StringTie 

transcriptome was quantified, filtered to remove low-

support junctions and antisense artifacts, and remapped 

to enhance counts. Functional annotations were 

transferred from tappAS annotations based on PacBio 

data using IsoAnnotLite v2.6 [37]. 

Translational efficiency estimation 

RNA-seq and ribosome profiling reads were quantified 

over exons and CDS using Plastid v0.4.7 [38] (Python 

2.7). Translational efficiency (TE) was calculated in R 

v4.0.2 using LRT-tests from DESeq2, following the 

full/reduced model approach [38]. Genes with RNA-seq 

RPKM >1 were considered, and for comparison with 

SplAdder gene lists (Figure 2c), TE calculations were 

limited to base mean >25. Raw counts, not RPKM, were 

used to normalize sample differences. 

Alternative isoform analysis 

Alternative splicing events were identified using 

SplAdder v2.4.3 [16] with level 3 confidence parameters 

and StringTie annotations. Only events with adjusted p-

value <0.05 were retained. 

Pathway enrichment analysis 

Gene ontology enrichment was assessed using the pre-

ranked GSEA method, enabling simultaneous detection 

of up- and down-regulated genes. Overrepresentation 

analyses were performed using EnrichR and custom 

scripts. 

TCGA and GTEx data analysis 

We retrieved gene expression profiles for HNSCC and 

esophagus tissues from UCSC Xena Toil 

(xena.ucsc.edu). Survival analysis for TCGA HNSCC 

patients was performed in R using the survival and 

survminer packages. Gene expression was modeled 

against patient survival using a Cox proportional hazards 

regression to calculate hazard ratios. Kaplan–Meier 

survival curves were plotted for patients in the top and 

bottom quartiles of gene expression, and significance was 

assessed using a log-rank test. 

Sucrose gradient polysome fractionation 

To isolate light and heavy polysome fractions, lysates 

from WT keratinocytes and SCCc were prepared in a 

buffer containing 20 mM Tris-HCl (pH 7.4), 150 mM 

NaCl, 5 mM MgCl₂, 1% Triton X-100, 0.5% NP-40, 

1 mM DTT, and 100 µg/mL cycloheximide. Polysomes 

were separated on 10–50% sucrose gradients (prepared 

in 20 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM MgCl₂, 

100 µg/mL cycloheximide) by ultracentrifugation at 

41,000 rpm for 2 h. Fractions were collected using a 

Biocomp density gradient system. For RNA extraction, 

pooled fractions were mixed with three volumes of Trizol 

LS (Ambion) for 10 min at room temperature, followed 

by the addition of four volumes of 100% ethanol. RNA 

purification was performed with the Direct-zol™ RNA 

MiniPrep kit (Zymo Research, R2050). 

CAGE-seq library preparation 

RNA integrity was verified using an Agilent Bioanalyzer, 

retaining samples with RIN >7. cDNA synthesis 

employed random primers. 5′ RNA cap structures were 

oxidized and biotinylated, followed by streptavidin-

based capture. After RNA digestion with RNaseONE/H 

and adaptor ligation to both cDNA ends, double-stranded 

cDNA libraries were constructed. Sequencing was 

performed on a NextSeq 500 (single-end, 75 nt). Reads 

were mapped to the mm10 mouse genome. CAGE-seq 

for polysome fractions was performed in biological 

duplicates, while total lysate libraries were single-

replicate. Data are deposited on GEO (GSE201308). 

Western blotting 

Cells were rinsed with PBS and lysed in protein sample 

buffer (100 mM Tris-HCl pH 6.8, 4% SDS, 20% 

glycerol, 0.2 M DTT), boiled at 95 °C for 5 min, and 

vortexed to shear DNA. Proteins were resolved on SDS-

PAGE, transferred to nitrocellulose membranes, blocked 

with 5% BSA, and incubated with primary antibodies 

overnight at 4 °C. Secondary antibodies were applied for 

3 h at 4 °C. Detection used freshly prepared ECL (GE 

Healthcare). Antibodies included: Phospho-p70 S6 

Kinase (Thr389, Cell Signaling #9234), 4E-BP1 (Cell 

Signaling #9452), Phospho-4E-BP1 (Thr37/46, Cell 

Signaling #2855), and Tubulin (Sigma T6199). Band 

intensities were quantified using ImageJ. 



Fonseca et al.                                                                              Arch Int J Cancer Allied Sci, 2025, 5(1):161-178  
 

 

 

176 

Survival analysis of transcript usage 

SUPPA2 [39] was used to quantify transcript-level 

alternative usage in TCGA HNSCC samples. Relative 

transcript abundances were computed using the 

psiPerIsoform function, then merged with survival data 

to identify top- and bottom-quartile differences. 

Significance was assessed with log-rank testing. 

CAGE data processing and promoter analysis 

The Nextflow cageseq pipeline [40] (https://nf-

co.re/cageseq) was used to trim 5′ G nucleotides and 

align reads to the mm10 genome with STAR. BAM files 

were analyzed using the CAGEr package [23] to generate 

CTSS counts normalized to TPM. CTSS clustering was 

performed using the “distclu” approach. Promoter widths 

(0.1–0.9 quantiles) were computed with the 

quantilePositions function. DESeq2 [33] was applied to 

detect differential tag usage. 5′UTR sequence features, 

including GC content and NUG density, were analyzed 

using custom Python scripts, and minimum free energy 

(MFE) was calculated using the ViennaRNA Python 

library [41]. Sharp promoters were defined as IQR 

<10 bp, while broad promoters had IQR ≥10 bp. 

SQANTI quality control reports 

SQANTI3 QC reports for long-read transcriptomes are 

publicly available at: 

https://github.com/ugdastider/long_read_paper/tree/mai

n/sqanti 

TOPscore computation 

TOPscores were derived from the CAGE-aligned BAM 

files using the tss_analyzer tool (available at 

https://github.com/carsonthoreen/tss_tools) [19]. Only 

transcripts with an average of more than 500 CAGE-seq 

reads across the samples were retained for further 

analysis. 

PRTE motif quantification 

CAGE-seq reads aligned to the mouse genome were 

analyzed to detect pyrimidine-rich translational element 

(PRTE) motifs. PRTEs were defined as stretches of 9 

consecutive cytosine/thymine nucleotides with a thymine 

fixed at the sixth position. Using a custom Python script, 

we counted the total number of reads mapping to each 

gene that contained a PRTE motif. Counts were then 

normalized to library size and expressed as counts per 

million mapped reads. Only genes with PRTE abundance 

greater than 10 counts per million were included in 

downstream analyses. 
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