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Alternative splicing (AS) dysregulation is increasingly recognized 
as a critical factor in cancer progression and drug response. 
However, precisely detecting and characterizing complex 
splicing events, particularly those involving microexons, remains 
technically challenging. Ribosomal Protein 24 (RPS24), which 
contains three microexons (3, 18, and 22 bp), serves as an 
ideal model for studying complex AS regulation in cancer. We 
developed a high-resolution detection method for RPS24 micro-
exon variations and investigate their relationship with KRAS 
proto-oncogene, GTPase (KRAS) inhibition in lung adenocar-
cinoma (LUAD) to identify potential biomarkers for KRAS-targeted 
inhibitors. We established an integrated methodological approach 
combining RNA-seq analysis with fragment analysis to detect 
RPS24 AS patterns. Using this method, we analyzed RPS24 AS 
across a panel of lung cancer cell lines and examined AS cha-
nges in KRAS-mutant cell lines following treatment with KRAS 
inhibitors. Our method successfully characterized distinct RPS24 
AS isoform compositions across lung cancer cell lines, demon-
strating high accuracy in detecting 3 bp variations. In KRAS- 
mutant cell lines, we observed a consistent upregulation of the 
3 bp-containing isoform following KRAS inhibition, indicating 
a specific correlation with treatment response. This study pro-
vides a robust methodology for analyzing complex AS events 
and supports the RPS24 3 bp-containing isoform as a potential 
biomarker for KRAS inhibitor response in LUAD. These findings 
offer new insights into the molecular mechanisms of KRAS in-
hibitor therapy and strategies for monitoring treatment response. 
[BMB Reports 2025; 58(6): 244-249] 

INTRODUCTION

Alternative splicing (AS) is a crucial regulatory mechanism in 
eukaryotes that generates diverse mRNA isoforms from a 
single gene. Recent pan-cancer transcriptomic analyses have 
revealed that tumor samples exhibit up to 30% more AS events 
than normal tissues (1). These AS patterns often produce 
cancer-associated oncogenic isoforms that influence key hall-
marks of cancer, including cell proliferation, apoptosis, meta-
bolism, invasion, angiogenesis, and metastasis (2, 3). Although 
understanding these AS events is essential for developing new 
therapeutic strategies, accurately detecting and characterizing 
complex AS events, particularly those involving microexons, 
remains technically challenging (4).

Lung adenocarcinoma (LUAD) remains one of the most 
lethal cancer types, with treatment strategies increasingly 
guided by specific mutation profiles (5). While targeted the-
rapies have been successfully developed for epidermal growth 
factor receptor (EGFR) mutations, KRAS mutations present 
greater therapeutic challenges. Although KRAS was long con-
sidered “undruggable,” recent breakthroughs have led to the 
approval of KRAS G12C-specific inhibitors, including sotorasib 
and adagrasib (6, 7). However, major challenges remain, in-
cluding the need for therapeutics targeting other common 
variants (G12D, G12V) and strategies to overcome acquired 
drug resistance. While KRAS G12C inhibitors have demon-
strated clinical efficacy, response rates vary widely, and resistance 
frequently emerges within months of treatment initiation (8, 9). 
This underscores the urgent need for reliable biomarkers to pre-
dict treatment response and resistance.

The ribosomal protein S24 (RPS24) gene, which contains 
three microexons (3, 18, and 22 bp), serves as an ideal model 
for studying complex AS regulation, particularly at the 3’ splice 
site connecting to exon 4. RPS24 AS patterns exhibit tissue 
and spatial specificity (10) and have been linked to various 
cellular processes, including hypoxia and autophagy (11, 12). 
Our previous study identified correlations between epithelial- 
mesenchymal transition (EMT) and specific RPS24 AS patterns 
(13). However, the role of RPS24 AS in lung cancer, particularly 
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Fig. 1. Analysis of RPS24 alternative splicing isoforms with three micro-
exons in RNA sequencing data. (A) Classification of RPS24 alter-
native splicing (AS) isoforms. The upper panel shows the RPS24
transcript structure in the UCSC genome browser, highlighting three
microexons located between exons 4 and 6 of the RPS24 gene. 
The lower panel illustrates four distinct splicing patterns defined 
by junction reads between exon 4 and subsequent exons: ex4:3bp
(green; exon 4 followed by a 3-bp microexon), ex4:18bp (pink; exon
4 followed by an 18-bp microexon), ex4:22bp (cyan; exon 4 follo-
wed by a 22-bp microexon), and ex4:ex6 (orange; direct splicing 
from exon 4 to exon 6). (B) Distribution of RPS24 AS isoform pro-
portions across 135 non-small cell lung cancer (NSCLC) cell lines. 
Each row represents a cell line, with colors indicating the relative 
proportion of each AS isoform, calculated based on junction reads 
originating from exon 4. (C) Gene Set Enrichment Analysis (GSEA) 
of pathways significantly correlated with ex4:3bp junction usage. 
Left: positive correlation with the oxidative phosphorylation pathway
(NES = 2.16, q = 0.000). Right: negative correlation with epi-
thelial-mesenchymal transition (NES = −2.11, q = 0.000). NES, Nor-
malized enrichment score; q, adjusted P-value.

Fig. 2. Experimental validation of RPS24 alternative splicing patterns
in lung cancer cell lines. (A) Fragment analysis of RPS24 AS iso-
forms. The upper panel shows the primer design strategy, with a 
fluorescently labeled forward primer (FAM) spanning exons 4 to 6.
The lower panel presents representative electropherograms from frag-
ment analysis of three cell lines (NCI-H358, A549, NCI-H1299), where
each peak corresponds to a different RPS24 AS isoform. Numbers 
above peaks indicate the relative proportions of each isoform, calcu-
lated from peak areas. The table below the electropherograms 
shows the presence (＋) or absence (−) of each microexon in 
theoretical isoform combinations. Black lines represent detected 
isoforms, while gray lines indicate theoretical isoforms not obser-
ved in the sample. (B) Isoform-specific qPCR analysis. The upper 
panel shows the design of isoform-specific primers targeting distinct
junction sequences. The lower heatmap displays delta Ct values 
for three major isoforms (ex4:3bp, ex4:22bp, and ex4:ex6) across 
ten selected lung cancer cell lines, using the primer set from panel
A as a reference. (C) Correlation analysis between different quan-
tification methods. Scatter plots depict correlations between junction
read analysis from CCLE RNA-seq and fragment analysis (upper pa-
nels) or qPCR analysis (lower panels) for each isoform (ex4:3bp, 
ex4:22bp, and ex4:ex6). Pearson correlation coefficients (r) are indi-
cated for each comparison. Dotted lines represent regression lines.

in KRAS-mutant contexts, remains poorly understood.
To address these challenges, we developed an integrated me-

thodological approach combining RNA-seq and fragment analysis 
to detect RPS24 AS changes with high resolution. Our study fin-
dings suggest that the RPS24 3 bp-inclusion isoform could serve 
as a potential biomarker for KRAS-targeted therapy in LUAD.

RESULTS

Analysis of splice junction reads as a suitable method for 
identifying AS isoforms within the RPS24 microexons
AS of the RPS24 gene generates multiple isoforms through the 
differential inclusion of three microexons (3 bp, 18 bp, and 22 
bp) located between constitutive exons 4 and 6. Transcriptome 
analysis revealed multiple splice junctions between exon 4 
and subsequent exons, which define the structural diversity of 
RPS24 AS isoforms (Fig. 1A, top). To characterize these patterns, 
we quantified junction reads connecting exon 4 to downstream 
exons and calculated the relative proportion of each junction 
type per sample (Fig. 1B). Transcriptome data from 135 non- 
small cell lung cancer (NSCLC) cell lines in the cancer cell line 

encyclopedia (CCLE) database revealed distinct, cell line-specific 
splicing patterns (Fig. 1B). The ex4:22bp and ex4:ex6 junctions 
exhibited nearly ubiquitous expression, appearing in over 98% of 
cell lines. The ex4:3bp junction was expressed in 89 cell lines 
(66% of the total 135, using a ＞2% expression threshold), while 
the ex4:18bp junction, previously reported as muscle-specific, 
was detected in only one cell line (NCI-H2106). 

Gene Set Enrichment Analysis (GSEA) identified biological 
pathways associated with RPS24 AS patterns. The ex4:3bp 
junction, expressed in approximately half of the lung cancer cell 
lines, showed a significant positive correlation with oxidative 
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Fig. 3. KRAS signaling regulates RPS24 alternative splicing. (A) Pro-
portions of RPS24 AS isoforms in NCI-H358 and A549 cells follo-
wing KRAS knockdown (siKRAS) compared to the control (GSE198289).
(B) Effects of KRAS G12C inhibitors on the ex4:3bp proportion. Left:
NCI-H358 cells treated with sotorasib and its resistant derivative 
(GSE229070). Right: NCI-H358 cells treated with adagrasib (GSE 
275534) (*P ＜ 0.05, **P ＜ 0.005, ***P ＜ 0.0005). (C) Effects 
of MEK1/2 inhibitor (trametinib) treatment on the ex4:3bp pro-
portion in A549 cells (GSE89127 and GSE247512).

phosphorylation genes (normalized enrichment score [NES] = 
2.16, adjusted P-value (q) = 0.000) and a negative correlation 
with epithelial-mesenchymal transition genes (NES = −2.11, 
adjusted P-value [q] = 0.000) (Fig. 1C, Supplementary Tables 1 
and 2). The expression of the ex4:22bp junction showed signi-
ficant positive correlation with E2F target genes (NES = 1.92, q = 
0.002), while the ex4:ex6 junction showed significant correlation 
with immune-related genes such as those involved in inflam-
matory response (NES = 2.27, q = 0.000) (Supplementary 
Tables 3 and 5). Interestingly, consistent trend of association 
was observed between the three isoforms and KRAS signaling 
pathways, despite not reaching statistical significance (q ＜ 0.05) 
(Supplementary Tables 1-6). These findings suggest a potential 
functional relationship between RPS24 AS and KRAS pathway 
regulation that warrants further investigation.

Complex splicing patterns were validated using multiple 
approaches
To validate the specificity and quantitative accuracy of RPS24 
AS patterns, we employed complementary experimental ap-
proaches to analyze isoforms in ten selected lung cancer cell 
lines from the CCLE database. Given the presence of con-
secutive microexons, we performed fragment analysis using 
fluorescently labeled primers spanning exon 4 to exon 6, 
enabling single-nucleotide resolution separation and quantification 
via capillary electrophoresis (Fig. 2A). Although eight AS 
isoforms could theoretically arise from different microexon 
combinations, only three were detected in lung cancer cell 
lines. The 18 bp microexon was consistently absent, as indi-
cated by the lack of peaks corresponding to positions 3, 4, 7, 
and 8. Additionally, the 3 bp microexon was invariably co- 
expressed with the 22 bp microexon (peak 6). The ex4:3bp 
junction represents an isoform containing both 3 bp and 22 bp 
microexons, the ex4:22bp junction corresponds to an isoform 
containing only the 22 bp microexon, and the ex4:ex6 junc-
tion identifies an isoform lacking all microexons.

For further validation, we performed isoform-specific quan-
titative polymerase chain reaction (qPCR) using junction-specific 
primers using 10 lung cancer cell lines (Fig. 2B). While distingui-
shing the ex4:3bp junction was challenging due to its minimal 3 
bp difference from ex4:22bp, we successfully designed and 
validated specific primers via Sanger sequencing (data not shown). 
The quantitative results from fragment analysis and isoform-spe-
cific qPCR strongly correlated with RNA-seq data from the CCLE 
database (r ＞ 0.9) (Fig. 2C), demonstrating the reliability and 
accuracy of our methodology for RPS24 AS isoform identification 
and quantification.

KRAS signaling regulates RPS24 alternative splicing in lung 
cancer cells
Based on GSEA identifying KRAS activation signatures associated 
with RPS24 AS isoforms (Supplementary Table 1), we investi-
gated the relationship between KRAS signaling and RPS24 AS 
patterns using validated analytical methods. Experiments in KRAS- 

activated lung cancer cell lines NCI-H358 and A549 demon-
strated that small interfering RNA (siRNA)-mediated KRAS knock-
down significantly increased ex4:3bp expression by 1.3- and 
3.3-fold, respectively (t-test, P ＜ 0.005) (Fig. 3A, GSE198289). To 
further validate this relationship, we analyzed datasets from cells 
treated with KRAS- targeting therapeutics. Treatment with KRAS 
G12C inhibitors (sotorasib and adagrasib) consistently increased 
ex4:3bp expression in NCI-H358 cells harboring the G12C 
mutation (Fig. 3B, GSE229070 and GSE275534). Notably, this 
ex4:3bp upregulation was absent in sotorasib-resistant NCI-H358 
cells, suggesting a potential link between this AS event and drug 
response. Additionally, in the NCI-H358 cells from another dataset 
(GSE103021), treatment with the downstream mitogen-activated 
protein kinase (MEK) 1/2 inhibitor (trametinib) and G12C-specific 
inhibitor (ARS-1620) also increased the ex4:3bp ratio with similar 
magnitude (Supplementary Fig. 1). In A549 cells, which carry the 
KRAS G12S mutation, treatment with trametinib similarly in-
creased ex4:3bp expression in independent datasets (Fig. 3C, 
GSE89127 and GSE247512). All these results validate the regula-
tion of ex4:3bp in response to KRAS signaling.

To identify potential upstream regulators of this AS event, we 
analyzed the expression patterns of 404 splicing-related genes 
across different KRAS pathway inhibition models (14). Differential 
gene expression across six datasets (fold change ≥ 1.2, P ＜ 0.05 
in all datasets) identified PSEN1 as the only consistently upregu-
lated gene, while 20 genes were consistently downregulated 
(Supplementary Fig. 2A). Among the downregulated genes, we 
identified two well-characterized splicing regulators, SRSF2 and 
SRSF7. Analysis of an SRSF2-overexpressing A549 cell dataset 
revealed that SRSF2 overexpression resulted in a 1.3-fold decrease 
in ex4:3bp expression (Supplementary Fig. 2B, GSE186872). These 
findings suggest a regulatory mechanism in which KRAS acti-
vation elevates SRSF2 expression, leading to the suppression of 
the ex4:3bp RPS24 isoform, establishing a functional link bet-
ween KRAS signaling and RPS24 AS.
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Fig. 4. Differential effects of sotorasib treatment on RPS24 alter-
native splicing in KRAS-mutant lung cancer cell lines. (A) Cell viability
assays showing differential sensitivity to sotorasib treatment in NCI-
H358 cells with KRAS G12C mutation (left) and A549 cells with KRAS
G12S mutation (right). Red dotted lines indicate the 80% cell via-
bility threshold used for selecting treatment concentrations. Statistical
significance compared to control: *P ＜ 0.05, **P ＜ 0.005, ***P ＜
0.0005. (B) RPS24 AS analysis in NCI-H358 cells treated with soto-
rasib. The left panel shows representative electropherograms from fra-
gment analysis, indicating relative proportions of each isoform 
after 3 days of sotorasib treatment at 0.01 M. The middle and 
right panels show quantification of the ex4:3bp isoform using frag-
ment analysis and qPCR analysis, respectively, after 3 days of 
treatment. (C) RPS24 AS analysis in A549 cells treated with sotorasib. 
The left panel shows representative electropherograms from frag-
ment analysis, indicating relative proportions of each isoform at 
both 0.01 M and 15 M concentrations. The middle and right 
panels show quantification of the ex4:3bp isoform using fragment 
analysis and qPCR analysis, respectively, after 3 days of treatment.

Differential effects of sotorasib on RPS24 splicing in lung 
cancer cells with distinct KRAS mutations
We examined the effects of KRAS inhibition on RPS24 AS by 
assessing sotorasib treatment in two lung cancer cell lines with 
different KRAS mutations: NCI-H358 and A549. Cell viability 
analysis revealed distinct sensitivity patterns. NCI-H358 cells 
(KRAS G12C mutation) exhibited high sensitivity to sotorasib, 
with a marked reduction in viability at low concentrations 
(0.01-0.03 M) (Fig. 4A, left). A549 cells (KRAS G12S muta-
tion not directly targeted by sotorasib) showed decreased 
sensitivity, requiring higher concentrations (5-25 M) to achieve 
similar reductions in viability (Fig. 4A, right). Based on these 
results, we selected sotorasib concentrations that maintained 
approximately 80% cell viability for further experiments (in-
dicated by red dotted lines).

In NCI-H358 cells, fragment analysis demonstrated a 1.7- 

fold increase in ex4:3bp isoform ratios following treatment 
with 0.01 M sotorasib (P ＜ 0.005) (Fig. 4B, left and middle). 
Similarly, qPCR analysis confirmed a 1.7-fold increase in 
ex4:3bp isoform expression at the same concentration (Fig. 4B, 
right). In contrast, A549 cells showed no notable changes in 
ex4:3bp levels at either low (0.01 M) or high (15 M) con-
centrations (Fig. 4C, left and middle). The qPCR results aligned 
with those of the fragment analysis (Fig. 4C, right). These 
findings indicate that selective KRAS G12C inhibition by soto-
rasib modulates RPS24 AS, enhancing ex4:3bp isoform ex-
pression specifically in mutation-matched cell lines.

DISCUSSION

In this study, we present two key findings: the development of a 
methodology for complex AS analysis and the characterization of 
RPS24 AS regulation in KRAS-activated lung cancer. First, we 
developed an effective approach for analyzing complex AS 
events involving three microexons in RPS24. Current splicing 
analysis tools struggle to model complex splicing events 
accurately, particularly the 3 bp microexon event identified in 
this study. Our junction read analysis method for RNA-seq data 
enabled efficient screening of large-scale transcriptome datasets, 
while fragment analysis proved highly effective for precise 
microexon AS detection. Fragment analysis also offers advantages 
in simplicity (requiring only PCR followed by capillary electro-
phoresis) and cost-effectiveness, making it particularly suitable 
for potential clinical applications. A key advantage of this method 
is that a single primer set can distinguish between isoforms 
differing by as little as 1 bp, eliminating the bias associated with 
isoform-specific PCR approaches. 

Using this methodology, we investigated the role of RPS24 AS 
in KRAS-activated cells. Our selection of KRAS LUAD models 
was informed by previous findings (13), which demonstrated 
dynamic RPS24 AS changes during EMT in KRAS- activated A549 
and NCI-H358 cells. While our prior study focused on the 
universally expressed ex4:22bp isoform, the present study re-
vealed more pronounced changes in the ex4:3bp isoform 
specifically in KRAS-mutant models. Notably, only one-third of 
the lung cancer cell lines expressed the ex4:3bp isoform. We 
observed precise regulation of RPS24 ex4:3bp in response to 
both siRNA-mediated KRAS inhibition and targeted therapeutics 
affecting KRAS protein levels and downstream signaling. More-
over, decreased ex4:3bp expression in drug-resistant cell lines 
suggests its potential as a biomarker for drug resistance. We also 
observed consistent downregulation of key splicing factors follo-
wing KRAS inhibition and downstream signaling suppression. 
Overexpression studies of SRSF2, a well-established splicing regu-
lator in lung cancer, further supported this association (15). 

While our findings strongly support the relationship between 
RPS24 ex4:3bp and KRAS signaling, the precise molecular 
mechanism remains unverified. Future isoform-specific knock-out 
and knock-in experiments are necessary to determine whether 
this isoform affects ribosome biogenesis or influences RPS24 
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protein-protein interactions. Such studies would provide cru-
cial insights into the mechanistic role of RPS24 AS in cancer 
development and progression. 

In conclusion, our findings advance both the technical as-
pects of studying complex AS events and our understanding of 
the impact of KRAS signaling on ribosomal protein regulation 
through AS. This work opens new avenues for developing 
novel therapeutic strategies targeting these processes.

MATERIALS AND METHODS

Public data source
CCLE RNA-seq data were obtained from PRJNA523380 in the 
NCBI Sequence Read Archive (SRA). For other public RNA-seq 
datasets, sequencing files were downloaded from the SRA 
through a search on the Gene Expression Omnibus (GEO) 
website (https://www.ncbi.nlm.nih.gov/geo/). The raw data were 
in SRA file format, so they were converted to FASTQ files 
using the SRA Toolkit. The FASTQ files were mapped to the 
reference genome (hg38) using the STAR aligner in two-pass 
mode (16). Only the SJ.out.tab files summarizing splice junct-
ions, one of the output files of STAR, were used.

RPS24 AS analysis using splice junction reads
For each dataset, splice junction reads were combined on a 
sample-by-sample basis, and reads spanning exon 4 of the RPS24 
gene were extracted. Exon 4 of RPS24 is consistently expressed 
across all isoforms, with variations arising from subsequent exons. 
When no microexon exists between exon 4 and exon 6, the 
resulting isoform is denoted as “ex4:ex6.” Other isoforms are 
classified as follows: if exon 4 is followed by a 3-bp microexon, 
the isoform is designated as “ex4:3bp”; if exon 4 is followed by 
an 18-bp microexon, the isoform is labeled as “ex4:18bp”; and if 
exon 4 is directly followed by a 22-bp microexon, the isoform is 
termed “ex4:22bp.” For each individual sample within the data-
set, the total count of junction reads originating from exon 4 was 
quantified to measure the overall expression level of the RPS24 
gene specifically within that sample. Additionally, to assess 
isoform proportions, the ratio was calculated by dividing the 
number of junction reads representing each isoform by the total 
number of junction reads originating from exon 4. 

Gene expression analysis and gene set enrichment analysis
Gene expression analysis was performed using multiple data 
sources. For CCLE cancer cell lines, gene expression data were 
obtained through the DepMap R package, expressed in Tran-
scripts Per Million (TPM) to facilitate cross-sample compa-
risons. For GEO datasets, raw sequencing reads were aligned 
to the human reference genome (hg38) using the STAR aligner, 
and gene expression levels were quantified using HTSeq 2.0 
(17). Expression values were normalized using the trimmed 
mean of M values (TMM) method implemented in the edgeR 
package (18). To investigate splicing regulation, a curated set 
of 404 human RNA splicing-related genes from published 

literature was used (14). Pearson’s correlation analysis was 
conducted to assess the relationships between RPS24 alter-
native splicing isoforms and gene expression levels across cell 
lines. Correlation coefficients were calculated to identify pote-
ntial regulatory interactions between splicing factors and RPS24 
isoform selection. Changes in splicing factor expression were 
visualized using the pheatmap R package, where log2 ratios 
relative to control conditions were hierarchically clustered into 
a heatmap. GSEA was performed to identify biological pro-
cesses enriched in genes correlated with the inclusion rate of 
each RPS24 AS isoform (19). Correlation coefficients between 
each isoform proportion and gene expression values were 
calculated and used as input for the GSEA pre-ranked test. For 
each isoform, positively and negatively correlated gene sets 
were identified, using Hallmark gene sets from the Human 
Molecular Signatures Database (MSigDB).

Cell lines and drug treatment
The NSCLC cell lines used in this experiment were purchased 
from the American Type Culture Collection and the Korea Cell 
Line Bank. The cell lines included A549, NCI-H358, NCI-H23, 
NCI-H460, NCI-H1155, NCI-H1975, NCI-H1650, HCC4006, 
NCI-H1299, and NCI-H2228. All cell lines were cultured in 
RPMI-1640 medium (HyClone, cat. SH30255.01) supplemen-
ted with 10% Fetal Bovine Serum (HyClone, cat. SH30919.03) 
and 1% Penicillin-Streptomycin (Thermo, cat. 15070063) at 
37°C in a 5% CO2 incubator.

For cell viability assays, cells were seeded in 96-well plates in 
triplicate at densities of 1 × 103 cells/well for the A549 cell line or 
1 × 104 cells/well for the NCI-H358 cell line. After 24 hours of 
incubation, cells were treated with sotorasib (AMG 510; MCE, cat. 
HY-114277), the first FDA-approved KRAS G12C-specific inhibitor, 
at different concentrations based on their KRAS mutation status. 
NCI-H358 cells harboring the KRAS G12C mutation were treated 
with low concentrations of sotorasib (0, 0.01, 0.02, and 0.03 M) 
due to their sensitivity to this G12C-specific inhibitor. In contrast, 
A549 cells carrying the KRAS G12S mutation required higher 
concentrations (0, 5, 15, and 25 M) to achieve growth inhibition. 
Cell viability was assessed after 3 days of drug treatment using the 
Cell Counting Kit-8 (CCK-8, Dojindo, cat. CK04) according to the 
manufacturer’s instructions. Absorbance was measured at 450 nm 
using a Synergy HTX microplate reader (BioTek).

Based on the cell viability results, sotorasib concentrations 
that maintained approximately 80% cell viability (as indicated 
by red dotted lines in Fig. 4A) were selected for subsequent 
experiments. Cells were seeded in 6-well plates at densities of 
2 × 105 cells/well (NCI-H358) or 5 × 104 cells/well (A549). 
NCI-H358 cells were treated with sotorasib at 0.01 M only, 
while A549 cells were treated at both 0.01 M and 15 M. 
Cells were monitored for 3 days prior to RNA extraction.

RNA extraction and cDNA synthesis
Total RNA was extracted using Trizol reagent according to the 
manufacturer’s protocol. cDNA was synthesized using the Supe-
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rScript III First-Strand Synthesis SuperMix for qRT-PCR kit (Invitro-
gen, cat. 11752-050) following the manufacturer’s instructions.

Real-time PCR analysis
Quantitative PCR was performed using THUNDERBIRDTM SYBR 
qPCR Mix. The following primer sets were used: 1. RPS24 Total 
Expression Analysis: Primers spanning exons 4-6 were designed to 
detect all AS isoforms for total gene expression quantification: 
Forward: 5’-ATGGCCTGTATGAGAAGAAA-3’, Reverse: 5’-CACA 
GCTAACATCATTGCAG-3’ (as described in (20)). 2. RPS24 AS 
Isoform-Specific Detection To analyze specific AS events, the 
following primer sets were used: For exon 4:3bp, Forward: 5’- 
TGGCAAAAAGAAGTGAGCTG-3’, Reverse: 5’-AATGTTCTTGCGA 
AAAATCCA-3’, For exon 4:22bp, Forward: 5’-GACTTGCAAGA 
CATGGCCTGT-3’, Reverse: 5’-TCCAGCTCACTTTTTGCCAG-3’ (as 
described in (12)). For ex4:ex6, Forward: 5’-GACTTGCAAGACA 
TGGCCTGT-3’, Reverse: 5’-TCCTTCGGCTTTTTGCCA-3’ (as des-
cribed in (12)). Relative expression of each isoform was calculated 
using the delta Ct (threshold cycle) method, with total RPS24 
expression used as the reference.

Fragment analysis
For fragment analysis of RPS24 AS isoforms, PCR was per-
formed using a fluorescein (6-FAM)-labeled forward primer and 
an unlabeled reverse primer spanning the region between exon 
4 and exon 6, as previously described. PCR products were 
diluted 1:100 and subjected to capillary electrophoresis using 
POP-7TM Polymer (Thermo Fisher, cat. 4393708). The size and 
peak area of each isoform were analyzed using Peak Scanner 
software (Thermo Fisher Scientific). The relative abundance of 
each RPS24 AS isoform was quantified by calculating the ratio 
of its individual peak area to the sum of all isoform peak areas.
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