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ABSTRACT 

INVESTIGATING THE HYPOXIA-INDUCED ALTERNATIVE SPLICING EVENT OF 

EUKARYOTIC RIBOSOMAL PROTEIN S24

 
Jenna Kerry 
University of Guelph, 2022

 
Advisor(s): 
Dr. James Uniacke 

In response to hypoxia, eukaryotic cells have developed mechanisms that control gene 

expression in order to survive. Given that hypoxia is a characteristic of the tumour 

microenvironment, hypoxic stress response mechanisms provide tumour cells with 

survival benefits, thereby increasing oncogenic potential. One mechanism, that has 

been referred to as the 11th hallmark of cancer, is hypoxia-induced alternative splicing. 

Research has shown that hypoxia changes expression of splicing regulators which, as a 

result, changes alternative splicing patterns of cancer-associated genes and promotes 

metastatic disease. Here, we investigate the alterative splicing of ribosomal protein S24 

in human glioblastoma cells using qPCR after exposure to hypoxia and/or a plethora of 

drug treatments. Here, we show data that suggests that an alternative splicing in RPS24 

is, in part, due to the hypoxia inducible factor response mechanism and possibly 

induction of autophagy, and that this response aids in survival during hypoxic stress. 
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CHAPTER 1 - Introduction 

1.1 Ribosome Structure and Function 

At the centre of all protein production are macromolecular complexes called 

ribosomes that are made of ribosomal proteins (RP), ribosomal RNA (rRNA), and many 

“non-ribosomal” proteins1. The eukaryotic ribosome is made up of two subunits, the 

large 60S subunit which has three rRNAs (25S, 5.8S, and 5S) and 46 RPs, and the 

small 40S subunit which has one rRNA (18S) and 33 RPs2. These subunits get 

assembled in tightly orchestrated steps with the help of nearly 300 RNA and protein 

cofactors3. Within mature ribosome complexes, rRNAs act as the catalytic core, 

whereas RPs facilitate the processing and folding of precursor rRNA into mature rRNA 

via endonucleolytic and exonucleolytic cleavages4. The process of translation, where 

the ribosome decodes mRNA into peptides, begins with the 43S preinitiation complex 

binding to the 5’ cap structure or an internal ribosome entry site (IRES) via eukaryotic 

initiation factors (eIFs)5. The 43S preinitiation complex, composed of the 40S subunit, 

eIF3, eIF5, eIF1, eIF1A, and ternary complex (eIF2-GTP initiator tRNA), binds to the 5′ 

cap structure via the eIF4F (eIF4E, eIF4A, and eIF4G) complex5. The pre-initiation 

complex then moves along the mRNA until it arrives at an initiation codon (AUG codon 

at the 5′ end)5. The eIFs are then released and the 60S subunit joins to form the 80S 

ribosome and finally decoding of the mRNA into a peptide begins5. The decoding of the 

mRNA happens in the decoding center located in the small ribosomal subunit which is 
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 responsible for accurate pairing of the mRNA codon and the tRNA aminoacylated 

anticodon6. While the small subunit decodes, the large subunit acts at the peptidyl 

transferase centre where it provides the catalytic activity to form peptide bonds between 

the nascent polypeptide chain and the incoming aminoacylated tRNA. Together, the 

subunits undergo conformational changes and ligand binding/release in order to 

translocate across the mRNA trinucleotide codons creating proteins7. 

1.2  Translation Regulation 

Translational regulation is one of the many mechanisms used by the cell to meditate 

gene expression. Regulation of translation can be broken into two general groups, that 

being global translation control over all protein synthesis and mRNA-specific translation 

control. Global regulation of translation usually involves translation initiation factors, 

while mRNA specific translation regulation can typically be attributed to regulatory 

protein complexes8. One important site for regulation of translation is the formation of 

the preinitiation complex which can regulate the level of protein synthesis within the cell 

both globally and mRNA specifically5. mRNA-binding eIFs are one of the most well-

known factors responsible for translation initiation control within the cell5. In fact, during 

cell stress eIFs can be cleaved or covalently modified to inhibit the formation of the 

translation initiation complex leading to down-regulation of translation within the cell9. 

Distinct features of the mRNA itself also plays a huge role in controlling protein 

synthesis levels through the regulation of translation initiation5. For example, mRNA 

structural features such as the poly-A tail and 5’ cap are translational enhancers, while 

secondary or tertiary structural features such as hairpins and pseudoknots are 
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translational inhibitors. Most regulation mechanisms of translation have inhibitory 

effects, meaning that the default state of translation is active. However, arguably one of 

the most important regulators of translation is the stoichiometry of mRNA to translational 

machinery which is a rate limiting step that leads to pools of untranslated mRNAs8. 

Historically, the ribosomal subunits themselves were thought to only have a constitutive 

role in translation and were viewed as passively active proteins that non-specifically 

translate mRNA due to the vital role they play in protein synthesis among all kingdoms 

of life2. However, even though the coding sequence of RP genes is highly conserved, 

studies have shown rRNA and their protein counterparts can be subjected to 

modifications that possibly play a role in translation regulation10. Some of these 

modifications include phosphorylation, acetylation, ubiquitination, and methylation11,12. 

Recent evidence has emerged suggesting that eukaryotic ribosomes are not merely 

homogenous passively active machines that are static in function and composition but 

can be heterogenous and selectively translate specific mRNAs1. 

1.3  Ribosome Heterogeneity 

Ever since the discovery of the ribosome in the 1950s by Nobel Prize Winner 

George Palade there has been many different postulations about the nature of the 

composition of the ribosome13. Heterogeneity of eukaryotic ribosomes has increasingly 

become a topic of interest ever since the release of preliminary evidence of post-

translational modifications and differential expression of rRNA and RPs. The notion of 

“specialized ribosomes” has since been postulated which suggests that heterogeneity of 

ribosome components would likely lead to a difference in function14. Given that 
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mutations and modifications of non-RPs, such as a mutation in an amino acid or an 

addition of a phosphate group, can greatly impact function begs the question of whether 

a change in ribosome composition impacts function. Evidence of the dynamic nature of 

ribosomes only really came about in 1990 when a study revealed that slime mold RPs 

have differential expression and post-translational modifications in different stages of 

life. For example, RPL18 is exclusively found in ribosomes of developing cells and 

RPS19 methylation is lost when the slime mold aggregates to a fruiting body15. Years 

later, it was shown that S. cerevisiae contains many duplicated RP genes that create 

RP paralogs that are functionally distinct. In 2011, a study used mass spectrometry to 

directly quantify RPs and found ribosomes with distinct protein composition and 

physiological function in yeast and mouse embryonic stem cells16. More recently, RP 

paralogs have been shown to differ in terms of abundance between different tissues in 

the human body3. In 2017, it was shown that heterogeneous ribosomes containing 

RPL10A or RPS25 preferentially translate distinct pools of mRNA17. These studies 

reveal the possibility of ribosomes with “specialized” functions that are capable of 

preferentially translating certain mRNAs leading to tissue specific translational control. 

1.4 Ribosomal Protein Alterative Splicing 

Splicing removes non-coding introns in pre-mRNA transcripts to produce mature 

mRNA. Alternative splicing on the other hand is a process whereby different exon 

coding sequences are either included or excluded creating functional diversity. This 

process is one of the main drivers of protein complexity within the cell since it allows 

one gene to encode multiple functionally different proteins. In humans, alternative 
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splicing is estimated to be responsible for creating roughly 100,000 different proteins 

and occurs in about 95% if multiexon genes18. Alternative splicing can happen in many 

different ways including, but not limited to, cassette exon splicing, alternative 3’ splicing, 

alternative 5’ splicing, intron retention, mutually exclusive exons, alternative promoters, 

and alternative polyadenylation19. Splicing begins with the recruitment of the 

spliceosome, a complex made up of 5 small nuclear RNAs and over 300 proteins, which 

binds to the 5’ exon-intron splice junction. The spliceosome then cleaves the 5’ 

phosphodiester bond, forming a lariat structure within the intron, then joins the two exon 

ends together leading to removal of the intron lariat. Various factors are involved in the 

regulation of alternative splicing mechanisms with the most common factor being cis-

regulatory sequences within the intron/exon that bind serine-arginine-rich (SR) 

proteins20. 

As discussed in the section above, ribosomal composition studies have 

demonstrated two major points, first that mutation of core RPs can change translation 

efficiency of some mRNAs, and second that depending on physiological conditions RP 

mRNAs are transcribed, spliced, and translated differentially. Minute variance in 

ribosome components that would seem to have little effect on ribosomal function may 

increase specificity of translation due to the delicacy of interactions between the 

ribosomal components and cis-regulatory elements present on specific types of 

mRNAs. For example, minute changes in ribosome components may alter ribosome 

interaction with certain mRNA regulatory elements such as IRESs or upstream open 

reading frames (uORFs)21. One very small, but impactful, variation in RPs is alternative 



 

 

 

 

6 

splicing which results either in the loss of exons or the inclusion of introns in the nascent 

RP RNA transcript. These RP RNA splice variants have an altered protein-coding 

sequence which usually leads to an increase in RP diversity22. Alternative splicing can 

change the protein’s function as well as produce proteins that act antagonistically to the 

nascent protein’s biological functions23. In Saccharomyces cerevisiae, it has been 

shown that an increase in RP diversity through alternative splicing creates an intron-

dependent regulatory mechanism that regulates RP and RP paralog expression to 

enhance survival during stress22. In Drosophila melanogaster, alternative splicing of 

RPL22-like mRNA generates a short form designated “RPL22-like short” which has a 

novel role from RPL22-like24. Genome wide studies have also shown that alternative 

splicing events are altered in cancer, and many proteins involved in cell cycle 

regulation, invasion, and apoptosis undergo cancer-associated alternative splicing. For 

example, the splicing factor polypyrimidine tract binding protein (PTBP) is 

overexpressed in ovarian cancer and, as a result, changes splicing patterns in cell 

migration genes leading to the promotion of cell invasion. Moreover, alternative splicing 

in cancer usually produces isoforms with a functional role in cancer development23. 

Research has also shown that splice variants of the brain-derived neurotrophic factor 

(BDNF) are necessary to protect neuroblastoma cells against stressful conditions. In 

particular, production of exon 4, exon 6 and exon 9a splice variants are crucial for 

protection of the neuroblastoma cells against acute cytotoxicity and chemotherapy25. 

These studies demonstrate the existence of RP splice variants, and that these RP 

splice variants can enhance survival during cellular stress. Moreover, splice variants are 
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exploited by cancerous cells to evade cellular death during stresses such as 

chemotherapy. 

1.5  Translational Regulation and Cellular Stress 

In response to cellular stress, eukaryotic cells have developed gene expression 

control mechanisms at the transcriptional and translational level in order to cope with 

the stress26. At the core, solid tumours have one of the most barren cellular 

environments, which accumulates many stresses such as nutrient and growth factor 

deprivation and accumulation of cellular waste and lactic acid27. Cells are characterized 

as “cancer cells” when the have genetic mutations that allow them to survive in the 

presence of these cellular stresses28. Given that translation is an extremely energy 

taxing cellular process, translation is globally repressed during cellular stress in order to 

conserve energy for survival. This energy is then directed towards upregulating 

translation of specific mRNAs related to survival during stress. 

Hypoxia, otherwise known as critically low oxygen concentrations, is involved in 

many different physiological and pathological cellular processes such as embryogenesis 

and development, as well as cardiovascular disease and cancer29. Oxygen is necessary 

for the survival of all aerobic organisms across all domains of life and therefore, aerobic 

organisms have mechanisms in place to withstand the fluctuation of environmental 

oxygen concentrations30. HIF-1 and HIF-2 are known as the master regulators of 

oxygen homeostasis. HIFs are heterodimeric transcription factors that are composed of 

an inducible a-subunit and a constitutively expressed b-subunit. Under normoxic 
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conditions, the HIFa subunit is hydroxylated by prolyl hydroxylase (PHD) which targets 

it for ubiquitination and proteasomal degradation. Under hypoxic conditions, the α 

subunits of HIFs translocate into the nucleus where they dimerize with the β subunit to 

become transcriptionally active (Figure 1). HIF activation promotes the expression of 

genes involved in restoring oxygen homeostasis such as glycolysis, glucose transport, 

cell survival and death, as well as angiogenesis and erythropoiesis. HIF-1 and HIF-2 

have many physiological and mechanistic differences even though they both bind HREs 

in gene promoters2631. 
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Although hypoxic stress response mechanisms are beneficial for cell resiliency 

during critically low oxygen concentrations, it becomes problematic within hypoxic tumor 
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microenvironments since it provides the cancer cells with survival benefits32. During the 

early stages of cancer, cancer cells are dividing so fast that the oxygen supply cannot 

meet the oxygen demand33. Once the tumor oxygen demand is not being met, the 

cancer cells secrete pro-angiogenic factors such as vascular endothelial growth factor 

(VEGF) in order to localize blood vessels to the site of the tumor in an attempt to 

increase oxygen supply34,35. However, there are still highly hypoxic areas towards the 

centre of the tumor and these cells have been shown to contain genetic alterations 

providing them with unique survival benefits35. Studies have shown that cancer cells 

exploit the hypoxic translational mechanisms to preferentially express different classes 

of mRNAs to promote proliferation, vascularization, invasion, and migration32,35. These 

cancerous cells with increased hypoxia resiliency often are characterized by increased 

tumor progression and metastasis, and typically do not respond well to chemotherapy or 

radiation36. Seeing as hypoxia is induced by tumor formation and increases tumor 

progression and metastasis, elucidating the mechanism behind hypoxic control of 

translation will provide a basis for developing anti-tumor therapies26. 

1.6 Hypoxia-Induced Alternative Splicing 

Cellular stressors, such as hypoxia, lead to activation of multiple mechanisms 

throughout the cell that work together to evade cell death. One mechanism is hypoxia-

induced alternative splicing which is critical for adaptation under hypoxic stress. For 

example, vascularization of hypoxic tissues depends on increasing the angiogenesis 

promoter:inhibitor ratio and this is achieved by HIF-dependent alternative splicing of 

VEGFA165a to a pro-angiogenic isoform37. A recent review paper called hypoxia-induced 
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alternative splicing the “11th hallmark of cancer”38. Interestingly, sequencing of 16 

different cancers have implicated over 1000 hypoxia-induced alternative splicing events 

in tumour progression39. For example, the ubiquitous splicing factor YT521 is 

alternatively spliced during hypoxia into noncoding variants which leads to the alteration 

of splicing in cancer-associated BRCA240. In breast cancer cells, hypoxia was shown to 

induce alternative splicing in angiogenesis, cell growth, and apoptosis factors which 

have all been implicated in cancer progression41. Moreover, hypoxia is capable of 

indirectly influencing alternative splicing through the formation of stress granules which 

can influence splice factor accumulation42. Of particular interest, is data from a recent 

study that suggests RPs RPS27A, RPS14, RPS23, RPS20, RPS24, RPS15A, RPS21 

and RPS25 were at the hub of survival related alternative splicing events in Uveal 

Melanoma43. Although interesting, this is not surprising given that ribosome defects 

have been implicated in cancer44. From these examples, it becomes evident that 

hypoxia-induced alternative splicing can potentially drive tumour formation and, much 

like other mechanisms that provide selective advantages to tumours, be used as targets 

for cancer treatments and biomarkers. 

1.7 RPS24 and Hypoxia 

Studying the role of RP variants becomes very important to elucidate biological 

mechanisms and how they become altered in disease. One RP that has been shown to 

influence cell proliferation, cell growth and migration is the human RPS2445. The gene 

encoding RPS24 contains 6 exons that come together to code for a 15-kDa protein that 

is incorporated into the 40S ribosomal subunit and becomes located near the mRNA 
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entry channel on the periphery of the ribosome with the C-terminus exposed on the 

ribosome surface6,3. RPS24 has three splice variants that are spliced to either include or 

exclude microexons of 18 or 22 nucleotides, creating proteins that have different amino 

acids on their C-terminal (Figure 2). When the 22-bp cassette exon is included in the 

mRNA, creating the long transcript variant, a premature stop codon is introduced which 

shortens the protein by three amino acids. In the short transcript variant, the 22-bp 

cassette exon is excluded and this leads to a protein that that is longer by a proline, 

lysine, and glutamic acid. The extra long transcript variant, which includes both of the 

cassette exons, has a truncated C-terminus with an additional lysine3. 

 

Figure 2. Schematic of RPS24 alternative splicing events. RPS24 has three splice 
variants as a result of alternative 3′-end mRNA splicing. The long splice variant 
(NM_033022) contains exons I–V and encodes RPS24 isoform a (130 aa) 
(NP_148982). The extra long splice variant (NM_001142284) contains exons I–IV and 
VII and encodes RPS24 isoform b (131-aa). The short splice variant (NM_001026) 
contains exons I–IV and VI and encodes RPS24 isoform c (133 aa) (NP_001017). 
Numbers indicate the size of each exon in nucleotides. (Schematic by Andrea 
Brumwell). 

A recently published paper examined the levels of RPS24 in types of human 

cancer cell lines exposed to hypoxic conditions in 2D (monolayer) and 3D (spheroid) 

cell culture models. The results of this study showed that the RPS24 long variant 

increases by ≥4-fold in spheroids (in vitro aggregates of tumor cells) of four different cell 
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lines when normalized to normoxic monolayers. However, in hypoxic monolayers the 

expression of the RPS24 long variant was only shown to increase <2-fold in all cell lines 

when normalized to normoxic monolayers. The study concluded that the long splice 

variant of RPS24 must not be induced by hypoxia only, but a combination of tumour 

microenvironment conditions46(Figure 3). Interestingly, the RPS24 short splice variant 

was shown to decrease in U-87 MG and PC3 hypoxic monolayers and spheroids when 

normalized to normoxic monolayers. Ultimately, further investigation into the alternative 

splicing of RPS24 is needed to determine why/how there is a shift towards exon 

inclusion during hypoxia. 
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Figure 3: The long variant of RPS24 is significantly upregulated in spheroids of 
four cell lines. (A) Spheroids from four cell lines were imaged (4x magnification) and 
harvested 5 days following cell seeding. (B) RT-qPCR using variant-specific RPS24 
primers were used to confirm the ASPCR data. The ∆∆Ct method was used, 
normalizing to reference genes RPLP0 and RPL13A, and the normalized expression 
made relative to normoxia. Leslie Fell performed the RT-qPCR for HCT116. Data (n = 
8), mean normalized relative expression ± s.e.m. One-way ANOVA with Tukey’s HSD 
test was performed on the ∆Ct values. * = P < 0.05, ** = P < 0.01, *** = P < 0.001, **** = 
P < 0.0001. Scale bar, 500 μm. (Figure and Caption by Andrea Brumwell). 
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1.8 Research Objectives 

Given the current data in the field, as reviewed above, we hypothesize that the 

hypoxia-induced shift towards exon inclusion in RPS24 is due to a stress response 

mechanism involving the HIF pathway that assists in evading cell death during hypoxic 

stress. In order to test this hypothesis, we first wanted to determine if shifting the ratio of 

long to short RPS24 variants would provide survival benefits during hypoxic stress. This 

involved performing cell proliferation and viability assay on FLAG-RPS24L/S over-

expressing cell lines. Next, we wanted to test whether there was a difference in stability 

between the RPS24 long and short splice variant or their respective protein isoforms 

during hypoxia since ribosome function is essential to cell survival. This was 

accomplished through stability assays involving the FLAG-RPS24L/S over-expressing 

cell lines and transcription/translation inhibitors. Finally, we wanted to determine if the 

HIFs played a role in stimulating the shift towards exon inclusion in RPS24. In order to 

do this, we made use of HIF stabilizers and inhibitors in different oxygen tensions. This 

was followed by measurement of the ratio of long to short RPS24 variants to determine 

if there was a shift towards exon inclusion in the presence of HIFs and if this could be 

reversed via HIF inhibition. Although there is a third extra-long variant that exists, we 

chose to exclude it from our analysis since it has not been detected in appreciable 

amounts. Given that it has been previously determined that U-87 MG cells have the 

most significant decrease in the RPS24 short variant in both hypoxia and spheroids, 

further driving a change in the RPS24 long to short variant ratio, all subsequent 

experiments were done in the U-87 MG cell line. The RPS24 long and short variants will 
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always be referred to by the length of their transcript and not their protein, even though 

the long transcript variant leads to a shorter protein isoform and vice versa. 

CHAPTER 2 - Methods 

2.1 Cell Culture 

U-87 MG human glioblastoma cells were obtained from the American Type Culture 

Collection (ATCC) and maintained in Dulbecco’s Modified Eagle Medium (DMEM) 

containing 7.5% (v/v) fetal bovine serum and 1% (v/v) penicillin-streptomycin. The cells 

were cultured at 37°C with 21% O2 and 5% CO2 in a humidified incubator (normoxia). In 

the case of FLAG-RPS24S/L/control stable cell lines, 1µg/mL puromycin was added to 

complete media. Cells exposed to hypoxia were placed in a N2-balanced Whitley H35 

Hypoxystation (Don Whitley Scientific Ltd., Shipley, UK) for the specified time at 1% O2 

and 5% CO2 (hypoxia). Cells were treated with 200 µM Dimethyloxallyl Glycine 

(Cedarlane) for 48 hours to stabilize HIFs47. Cells were treated with 20 nmol/L 

Echinomycin (Tocris, NSC-13502) for 24 hours and 100 µM TC-S 7009 (Tocris) for 72 

hours to inhibit HIFs48,49. Cells were treated for 2 hours with 10 mM Metformin, 50 mM 

of Oligomycin, and 200 µM CPI-613 for inhibition of α-ketoglutarate dehydrogenase 

and/or mitochondrial respiration, as per Dr. Spagnuolo lab’s protocol (all gifts from Dr. 

Spagnuolo, Guelph). Dimethyl sulfoxide (DMSO) negative controls were used for each 

drug treatment. Spheroids were generated by plating 50,000 cells/well into round 

bottom low-adhesion 96-well plate, (Corning) followed by 60 s manual rotation by hand 

and incubation in normoxia for 5 days. 
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2.2 Crystal Violet Assay 

10,000 FLAG-RPS24S/L/control stable cells were seeded in a 12-well plate (Corning) 

such that there were three replicates for each stable cell line at each time point. The 

cells were then placed in the incubator overnight to allow the cells to adhere to the 

plates. After 24 h, the media was replaced with fresh media and half the cells were 

placed in hypoxia and the other half in normoxia. At each time point of 0, 24, 48, and 72 

hours, the cells were washed with 1X-PBS then fixed with 400 µL of ice-cold methanol 

for 10 mins. The methanol was removed, and the cells were stained with 400 µL of 1% 

crystal violet solution in 20% methanol then placed on a rocker for 20 mins at room 

temperature. The crystal violet solution was aspirated, and excess crystal violet was 

washed off by submerging in water. The plates were air-dried overnight, and the next 

day cells were de-stained with 400 µL of 10% acetic acid and placed on a shaker for 20 

mins at room temperature. The absorbance of each well was measured at 595 nm using 

a ThermoMax microplate reader. This assay relies on the fact that dead cells are 

washed away before staining, and only the DNA and proteins of live adhered cells is 

stained. The absorbance can then be quantified and used to compare the amount of live 

adherent cells between the three different cell lines at the two different oxygen tensions. 

2.3 Trypan Blue Exclusion Test 

20,000 FLAG-RPS24S/L/control stable cells were seeded in 6 cm plates (Corning) such 

that there were three replicates for each stable cell line for each time point. After 24 h, 

the media was aspirated, and then fresh complete media was added. Half of the plates 
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were placed in hypoxia and the other half in normoxia. At the specified time points, the 

cells were scrapped off into the media and then the media containing total live/dead 

cells was transferred to a 1.5 mL centrifuge tube. The tubes centrifuged at 4000x g for 

90 s. The media was aspirated, and the pellet was resuspended in 200 µL of 1X-PBS. 

The cells were stained with 0.4% Trypan Blue Solution (Gibco), placed on a 

haemocytometer, and both viable (unstained) and unviable (stained) cells were 

counted. 

2.4 Actinomycin D Assay 

Wild-type U-87 MG cells were treated with actinomycin D, which inhibits global 

transcription and allows for transcript stability to be measured. A stock of Actinomycin D 

was prepared at a concentration of 1 mg/mL in DMSO and then treatment media was 

prepared such that it contained 10 µg/mL Actinomycin D. Before treatment, the media 

was aspirated from cells in a 6 well plate, and the plates were washed with 1X-PBS. 

The treatment media was then added before placing half in normoxia and half in 

hypoxia. Plates were collected by first washing with 1X-PBS and then lysing with 

RiboZol (VWR) for subsequent total RNA extraction, reverse transcription, and qPCR. 

2.5 Cycloheximide Chase Assay 

FLAG-RPS24 long and FLAG-RPS24 short over-expressing stable cell lines were 

treated with cycloheximide, which inhibits global translation, allowing us to measure 

protein isoform stability. A stock of cycloheximide was prepared to a concentration of 10 

mg/mL in dH2O and then treatment media was prepared such that it contained 0.1 
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mg/mL cycloheximide. Before treating the cells in 10 cm plates, the media was 

aspirated, and the plates were washed with 1X-PBS. The treatment media was added 

to the plate before placing half of the plates in normoxia and the other half in hypoxia. 

Plates were collected by first washing with 1X-PBS and then lysing with RIPA buffer for 

subsequent protein quantification and western blotting. 

2.6 Extended Hypoxia 

Wild-type U-87 MG cells were seeded into 10 cm plates at 2x106, 2x106, 1x106, and 

5x105 cells per plate such that there were triplicates for each cell concentration and 

duplicates for each different oxygen concentration. The plates were incubated overnight 

to allow the cells to adhere to the plates and the next day half were placed in hypoxia 

and half in normoxia. At the time of incubation, the first 2x106 plates were collected 

(time zero) and then after 1, 3, and 5 days post incubation plates 2x106, 1x106, and 

5x105 were collected, respectively. Plates were collected by first washing with 1X-PBS 

and then lysing with RiboZol (VWR) for subsequent RNA extraction, reverse 

transcription, and qPCR. Each day, plates were washed with 1X-PBS and media was 

replaced with oxygen level equilibrated complete media. 

2.7 Total RNA Extraction 

After removing media and washing the cells twice with 1X PBS, the cells were lysed 

with 1 mL of RiboZol (VWR). Cell lysate was transferred to a 1.5 mL centrifuge tube 

before centrifuging for 10 mins at 12,000 x g at 4ºC. Lysate was incubated at room 

temperature for 5 mins before adding 200 µL of chloroform and shaking for 15 s. 
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Samples were incubated at room temperature for 3 mins, vortexed for 10 sec, and 

centrifuged at 12,000 x g for 15 mins at 4ºC . The aqueous phase (containing the RNA) 

was then moved to a new 1.5 mL centrifuge tube and 10% sodium acetate, 95% 

ethanol, and 1 µL of Glycoblue (Thermo Fisher Scientific) were added. The samples 

were incubated at -20ºC for 24 h before being centrifuged at 20,000 x g at 4ºC . The 

supernatant was removed, and the RNA pellets were washed twice by adding 1mL of 

cold 70% ethanol, vortexing briefly, then centrifuging at 10,000 x g for 5 mins. The RNA 

pellets were then air dried for 10 mins before resuspending the pellet in 30 µL of 

nuclease-free water. RNA integrity was confirmed using gel electrophoresis prior to 

reverse transcription. Total RNA concentration for each sample was then measured 

using a Nanodrop spectrophotometer (Thermo Fisher Scientific). 

2.8 RT-qPCR 

Reverse transcription of 2 µg of RNA to cDNA for a total of 20 µL reaction was 

completed using the high-capacity cDNA reverse transcription kit as per the 

manufacturer’s instructions (Applied Biosystems). The reverse transcription was run on 

a T100 thermal cycler (Bio Rad). qPCR Primers (Appendix Table 1) for RPS24 qPCR 

were designed to amplify one specific splice variant by designing them to span exon 

junctions. qPCR was performed using SsoAdvanced Universal SYBR Green Supermix 

(Biorad) using reference genes RPL13A and/or RPLPO. qPCRs were all run on a 

CFX96 Real-Time System. GLUT1 mRNA levels were used to confirm HIF Induction. 
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2.9 Western Blot Analysis 

Lysis buffer was made up of RIPA buffer and protease inhibitor cocktail diluted 

according to the manufacture’s directions (Cell Signaling Technology). Lysate was 

centrifuged at 13,000 rpm and the protein content of the supernatant was quantified 

(Pierce BCA assay). Standard SDS-PAGE techniques were followed, and proteins were 

then transferred to polyvinylidene difluoride (PVDF) membrane for 1.5 hours at 100V. 

The membranes were the incubated in 5% (w/v) skim milk prepared using PBS with 

0.02% tween (PBS-T) for 1 h. The membranes were then probed with primary anti-

FLAG (1:1000; Sigma F1804) or anti-β-Actin (1:20,000; GeneTex GT5512) overnight at 

4ºC. The next day, membranes were washed 3 times for 15 mins in PBS-T before being 

placed in horseradish peroxidase (HRP) conjugated anti-mouse (Promega, PR-W4012) 

secondary antibody for 1 h at room temperature. The membranes were then washed 3 

times for 15 mins in PBS-T before being incubated in Immobilon Forte 

chemiluminescent substrate (Millipore) and signal was detected using a ChemiDoc MP 

imaging system. Densitometry was performed using Image Lab (BioRad) and β-Actin 

was used as a loading control for the protein of interest. 

2.10 Statistical Analysis 

All statistical analyses were performed using GraphPad Prism 9.2. Experiments that 

contained biological replicates were analyzed for statistically significance difference 

using a two-way ANOVA with Tukey’s honestly significant difference post-hoc test on 

the ∆Ct values from qPCR data and normalized densitometric volumes from western 
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blot data. RPS24 transcript stability assay was assessed using nonlinear regression 

parameters with a one-phase exponential decay model and least squares regression 

fitting method. P-value <0.05 was considered statistically significant.  

CHAPTER 3 – Results 

3.1 Overexpression of RPS24 Long Increases Viability in Hypoxia 

Since the RPS24 long splice variant is significantly upregulated in hypoxic 

monolayers and spheroids, which have extremely stressful microenvironments, we 

wanted to determine if artificially shifting the ratio of long to short RPS24 variant would 

impact proliferation and viability during hypoxic stress. To do this, a crystal violet assay 

was performed which measures the number of live cells adhered to culture plates. The 

assay was performed on three different stable cell lines, all of which were generated in 

U-87 MG cells. The first stable cell line over-expresses FLAG-tagged RPS24 long, the 

second stable cell line over-expresses FLAG-tagged RPS24 short, and the third stable 

cell line expresses a FLAG-tagged empty control vector. The FLAG-tagged RPS24 long 

and short over-expressing stable cell lines artificially shift the cellular ratio of RPS24 

variants towards either the long or short variant, respectively, while the FLAG-Empty 

control stable cell line contains an empty vector (Appendix Table 2). All have the 

FLAG-tag expressed on the N-terminal of the protein isoform. In normoxia, all three 

stable cell lines displayed a steady and significant increase in adherent live cells from 0 

to 72 hours (Figure 3A,B,C). In hypoxia, only the FLAG-RPS24 long over-expressing 

stable cell line significantly increased from 0 to 72 hours (Figure 3C). Both the FLAG-
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Empty control and the FLAG-RPS24 short over-expressing stable cell lines did not 

significantly increase adherent live cells in hypoxia from 0 to 72 hours (Figure 3A,B). At 

72 hours in normoxia, both the FLAG-RPS24 short over-expressing stable cell line and 

FLAG-Empty stable cell line had significantly higher adherent live cells than the FLAG-

RPS24 long over-expressing stable cell line (Figure 3D). However, the FLAG-RPS24 

long over-expressing stable cell line had significantly higher adherent live cells than the 

FLAG-RPS24 short over-expressing and FLAG-Empty stable cell lines after 72 hours in 

hypoxia (Figure 3D). Therefore, overexpressing RPS24 long increases the number of 

live adherent cells in hypoxia relative to RPS24 short overexpression and control cells. 
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Figure 4. Overexpression of RPS24L variant increases adherent live cells during 
hypoxic stress. Crystal violet staining was used to determine the average total live 
adherent cells in normoxia and hypoxia of U-87 MG cells that stably express either A) 
FLAG-Empty control vector, B) FLAG-RPS24S, or C) FLAG-RPS24L over a 72 hour 
time period. Optical density (595nm) data depicted as a fold change relative to 0 hour 
timepoints, respectively. D) Comparison between the 72 hour timepoint of each cell line 
in normoxia and hypoxia. Data represents the average of three biological replicates ± 
standard error of the mean. Two-way ANOVA with Tukey’s Honestly Significant 
Difference test was performed on the optical density values. *= P < 0.05, ** = P < 0.010, 
and **** = P < 0.0001. 



 

 

 

 

25 

The crystal violet assay can only measure the number of adherent live cells and 

does not indicate whether this is due to increased proliferation, decreased cell death, or 

a combination. In order to investigate this further, trypan blue exclusion tests were 

performed which allows for light microscopic measurement of cell viability (# of viable 

cells/total # of cells). When the stable cell lines were grown in normoxia, we observed a 

significant increase in the FLAG-RPS24 long overexpressing cell line (Figure 4A). 

When the stable cell lines were grown in hypoxia, the FLAG-RPS24 short over-

expressing stable cell line significantly decreased in percent viability from 0-72 hours 

while the FLAG-RPS24 long overexpressing stable cell line increased in viability from 0-

72 hours (Figure 4B). Interestingly, the FLAG-Empty stable cell line significantly 

decreases in viability in hypoxia from 0-24 hours, but significantly increased from 24-72 

hours (Figure 4B). This indicates that over-expression of the RPS24 long variant leads 

to an increase in cell viability in comparison to over-expressing RPS24 short. The 

control cell line with the FLAG-Empty vector seems to have a switch in viability with 

prolonged exposure to hypoxia, where viability decreases after 24 hours of hypoxic 

exposure but then increases viability after 72 hours of hypoxic exposure. 
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Figure 5. Overexpression of RPS24L variant increases viability during hypoxic 
stress. Trypan Blue staining was used to determine the percent viability in A) normoxia 
and B) hypoxia of U-87 MG cells that stably express either FLAG-RPS24S, FLAG-
RPS24L, or FLAG-Empty over a 72-hour time period. Viability is depicted as a fold 
change relative to 0-hour timepoints, respectively. Data represents the average of two 
biological replicates ± standard error of the mean. Two-way ANOVA with Tukey’s 
Honestly Significant Difference test was performed on the optical density values. *= P < 
0.05, ** = P < 0.010, ***= P < 0.001, and **** = P < 0.0001. 

3.2 RPS24L Transcript Variant and Protein Isoform are More Stable in Hypoxic 

Environments 

 Increasing RP stability during cellular stress allows vital protein synthesis to 

continue. Given that RPs are essential for cellular survival, and the RPS24 long variant 

is significantly upregulated during hypoxia, we investigated if the RPS24 long transcript 

variant or protein isoform had increased stability during hypoxia. We performed 

actinomycin D transcript stability assays and cycloheximide (CHX) protein stability 

assays. The actinomycin D assays were performed using wild-type U-87 MG cells, while 

the CHX assays were performed using two different stable cell lines. The first stable cell 

line over-expresses FLAG-tagged RPS24 long while the second stable cell line over 

expresses FLAG-tagged RPS24 short. The CHX assay was done on the FLAG-RPS24 
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long over-expressing stable cell line and the FLAG-RPS24 short over-expressing cell 

line since the RPS24 long and short protein isoforms cannot be differentiated without 

the FLAG-tag. When the levels of the RPS24 long and short transcripts were measured 

in normoxia post actinomycin D treatment, we did not see a significant change between 

RPS24 long and short transcript levels at any of the timepoints (Figure 5A). However, 

in hypoxia, the RPS24 short transcript decreased significantly more than the RPS24 

long transcript at all timepoints (Figure 5B). This data shows that the RPS24 short and 

long transcripts have similar stability in normoxia, but the long variant is more stable is 

hypoxia. 

Figure 6. RPS24L Transcript is more Stable than RPS24S Transcript in Hypoxia. 
RT-qPCR of the RPS24 short and long transcript variants over three days of exposure 
to A) normoxia or B) hypoxia and treatment with Actinomycin D in U-87 MG cells. The 
∆∆CT methods was used, and the expression was normalized to reference gene 
RPL13A and depicted as a fold change to the respective 0-hour timepoints. The zero 
hour timepoint was set to zero. Data represents the average of three biological 
replicates ± standard error of the mean. Two-way ANOVA with Tukey’s Honestly 
Significant Difference test was performed on the ∆CT values. ns= not Significant and ** 
= P < 0.010. 
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 After treatment with CHX, western blotting was performed, and densitometry was 

done to quantify the amount of RPS24 short and long protein in order to compare 

protein stability. The data represents the levels of RPS24 long and short in either 

normoxia or hypoxia from 0-24 hours normalized to the b-actin loading control. After 24 

hours of treatment with CHX in normoxia and hypoxia, the levels of the RPS24 short 

variant protein isoform decrease in a statistically significant fashion. After 24 hours of 

treatment with CHX in normoxia and hypoxia, the levels of the RPS24 long variant 

protein isoform do not change. This data shows that the RPS24 long variant protein 

isoform is more stable than the RPS24 short variant protein isoform in both normoxia 

and hypoxia. 
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Figure 7. RPS24S Protein Isoform is Less Stable in Normoxia and Hypoxia. 
Cycloheximide stability assay performed on A) RPS24 short over-expressing cell lines 
and B) RPS24 long over-expressing cell lines grown in either normoxia or hypoxia for 0-
24 hours. C) Representative western blot images. Graphed data represents the average 
of three biological replicates. Densitometric values were calculated using Image Lab 
and normalized to b-actin loading control. Two-way ANOVA with Tukey’s Honestly 
Significant Difference test was performed on the adjusted densitometric volumes. *= P < 
0.05. 

3.3 Prolonged Exposure to Hypoxia Increases RPS24 Long to Short Variant Ratio 

Given that spheroids increase the RPS24L transcript variant significantly more 

than the hypoxic monolayer, we wanted to determine if this was due to spheroids having 

a prolonged exposure to hypoxia. To test whether exposure to prolonged hypoxia was 

responsible for the induction of the RPS24L variant we exposed wild-type U-87 MG 

monolayers to normoxia or hypoxia for 1 to 3 days then measured the levels of RPS24 

long and short variants. The assay relies on the cells being plated at serial dilutions to 

account for any effects of cell confluency. After 1 day of exposure to hypoxia, the 
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RPS24 long to short variant ratio was increased by ~2-fold, but after 3 days of exposure 

the ratio increases by ~5-fold (Figure 7). After 1 day of exposure to hypoxia, the RPS24 

long variant is shown to increase by ~4-fold in comparison to normoxic control, while 

after 3 days it increases by ≥ 5-fold (Figure 7). Interestingly, there is a visual, but not 

significant, trend of the RPS24 short variant decreasing with prolonged exposure to 

hypoxia (Figure 7). Of note, the RPS24 long to short ratio does not change when the 

cells are exposed to normoxia (Figure 7). Overall, this shows that prolonged exposure 

to hypoxia both increases the RPS24 long variant levels and the RPS24 long to short 

variant ratio. 
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Figure 8. Extended Exposure to Hypoxia Increases the RPS24 Long to Short 
Ratio. RT-qPCR of the RPS24 long and short transcript variants over three days of 
exposure to hypoxia in U-87 MG cells. The ∆∆CT methods was used, and the 
expression was normalized to reference gene RPL13A and depicted as a fold change 
relative to Day 1 normoxic monolayer conditions. Data represents the average of three 
biological replicates ± standard error of the mean. Two-way ANOVA with Tukey’s 
Honestly Significant Difference test was performed on the ∆CT values. ** = P < 0.010 
and **** = P < 0.0001. 
 

3.4 Stabilizing HIFs in Normoxia Increases the RPS24 Long to Short Variant Ratio 

 Given that the shift toward exon inclusion is in both hypoxic monolayers and 

spheroids, and HIFs are induced in both these environments, we wanted to determine if 

the HIFs played a role in induction of the RPS24 long variant. We treated wild-type U-87 

MG cells with both HIF inducers and inhibitors followed by RT-qPCR to measure the 

RPS24 long and short variant ratio. First, we performed a HIF activity assay in which we 
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treated the cells with DMOG for 48 hours to stabilize the HIFs in normoxia. A DMOG 

HIF activity assay relies on the fact that DMOG is cell membrane permeable and a 

competitive inhibitor of HIF prolyl hydroxylase (HIF-PH). Suppression of HIF-PH by 

DMOG allows for the increase of endogenous HIF-α, leading to activation of the HIF 

pathway in normoxia. The 48 hour vehicle control had similar levels of RPS24 long and 

short variants, while the 48 hour DMOG treatment had ~4-fold increase in the RPS24 

long variant levels in comparison to the RPS24 short variant (Figure 8). This difference 

is much like what has been documented in untreated hypoxic monolayers, leading us to 

believe that the change in RPS24 long to short variant ratio is due to HIF activation. 

However, once we treated normoxic monolayers with both DMOG and HIF inhibitors, in 

attempts to reverse the results, we did not see a significant change in the RPS24 long 

variant levels (Figure 8). Instead, the RPS24 short levels increase by ~8-fold in 

comparison to treatment with DMOG alone (Figure 8). Of note, although we did not 

observe the long variant significantly change with the HIF inhibitors, we did observe a 

significant change in the overall RPS24 long to short ratio in comparison to DMOG 

treatment alone (Figure 8). Overall, this indicates that treatment with DMOG increases 

the RPS24 long variant, while HIF inhibitors alleviate RPS24 short variant repression. 
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Figure 9. Stabilizing HIFs in Normoxia Increases the RPS24 Long to Short Variant 
Ratio. RT-qPCR of the RPS24 long and short transcript variants after 48 hours of 
treatment with DMOG and/or HIF inhibitors in U-87 MG cells. The ∆∆CT methods was 
used, and the expression was normalized to reference gene RPL13A and depicted as a 
fold change to 0 hour normoxic monolayer. Data represents the average of three 
biological replicates ± standard error of the mean. Two-way ANOVA with Tukey’s 
Honestly Significant Difference test was performed on the ∆CT values. Non-significant 
difference is left blank. *= P < 0.05, ** = P < 0.010, ***= P < 0.001, and **** = P < 
0.0001. 

3.5 Treating Spheroids with HIF Inhibitors Decreases the RPS24 Long to Short 

Variant Ratio 

 Previous studies have shown that the RPS24 long to short variant ratio is greater 

in spheroids compared to hypoxic monolayers46. Considering that and the fact that HIFs 

are stable and active in spheroids, we wanted to determine what effects HIF inhibitors 
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would have on the RPS24 long to short variant ratio in spheroids. In order to do this, we 

generated spheroids in normoxia with wild-type U-87 MG cells and treated them with 

HIF1 inhibitors and HIF2 inhibitors. We then did RT-qPCR to measure the levels of the 

RPS24 long and short variants and compared the levels to an untreated normoxic 

monolayer. For the untreated wild-type spheroid, we observed a significant increase in 

the RPS24 long to short variant ratio in comparison to the normoxic monolayer. The 

wild-type spheroid had about a 4-fold increase in the RPS24 long variant in comparison 

to the RPS24 short variant (Figure 9). However, when we treated the spheroids with 

HIF inhibitors, as we showed previously (Figure 8), the RPS24 long variant did not 

significantly change (Figure 9). The RPS24 short variant levels significantly increased 

when treated with HIF1 inhibitor or HIF2 inhibitor, as we have previously seen (Figure 8 

and 9). When spheroids are treated with HIF inhibitors, the RPS24 long to short variant 

ratio decreased due to the short variant increasing (Figure 9). The RPS24 long to short 

variant ratio changed from ~4 in wild-type spheroids to <2 in HIF inhibitor-treated 

spheroids (Figure 9). Overall, this indicates that spheroids increase the RPS24 long 

variant, while HIF inhibitors alleviate RPS24 short variant repression. 
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Figure 10. Treating Spheroids with HIF Inhibitors Decreases the RPS24 Long to 
Short Variant Ratio. RT-qPCR of the RPS24 long and short transcript variants after U-
87 MG cells were grown in normoxia as either a monolayer, spheroid, or spheroid 
treated with HIF inhibitors. All spheroids were grown for 5 days with or without HIF 
inhibitors before collection. All monolayers were incubated for 5 days before collection. 
The ∆∆CT methods was used, and the expression was normalized to reference gene 
RPL13A and depicted as a fold change to 0 hour normoxic monolayer. Data represents 
the average of three biological replicates ± standard error of the mean. Two-way 
ANOVA with Tukey’s Honestly Significant Difference test was performed on the ∆CT 
values. * = P < 0.05, **** = P < 0.0001. 

3.6 RPS24 Long Variant Increased by Electron Transport Chain Inhibitor 

Treatment, but not by Alpha-ketoglutarate dehydrogenase Inhibitor Treatment 

Considering the findings above, the HIFs appear to be responsible for altering 

the RPS24 long to short ratio through repression of the RPS24 short variant and not 

through increasing the RPS24 long variant, as was initially thought. The HIF stabilizers 
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increased the RPS24 long variant and decreased the RPS24 short variant (Figure 8), 

but when treating with HIF stabilizers and inhibitors, only the RSP24 short variant was 

increased (Figure 8). This led us to question why the HIF inhibitors didn’t also decrease 

the long and completely reverse the effects of the HIF stabilizer. Which led us to 

investigate the effects of the HIF stabilizer more closely. DMOG has off-target effects 

such as inhibiting cellular respiration and cellular metabolism50. Given this information, 

we wanted to test whether other inhibitors of cellular respiration and metabolism would 

elicit the same effects. We treated wild-type U-87 MG cells with Devimistat (CPI-613) 

which is a mitochondrial metabolism inhibitor, Metformin (1,1-Dimethylbiguanide) which 

inhibits the mitochondrial respiratory chain, and Oligomycin which is an inhibitor of ATP-

synthase and inhibits HIF-1alpha. The only compound that significantly affected the 

levels of either of the RPS24 variants was Metformin. Treatment of normoxic wild-type 

U-87 MG monolayers with Metformin led to a >2-fold increase in the RPS24 long 

variant.CPI-613 show a visual, but not significant, increase in the RPS24 short variant 

and decrease in the RPS24 long variant. While Oligomycin showed a visual, but not 

significant, increase in both the RPS24 long and short variant. Overall, this indicates 

that mitochondrial respiration inhibition is responsible for the RPS24 long variant 

increase observed in the previous experiment with DMOG. 
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Figure 11. RPS24 Long Variant Increased by Electron Transport Chain Inhibitor, 
but not by Alpha-ketoglutarate dehydrogenase Inhibitor. RT-qPCR of the RPS24 
long and short transcript variants after U-87 MG normoxic monolayers were treated for 
~2 hours with cellular respiration and metabolism inhibitors. The ∆∆CT methods was 
used, and the expression was normalized to reference gene RPL13A and depicted as a 
fold change to 0 hour normoxic monolayer. Data represents the average of three 
biological replicates ± standard error of the mean. Two-way ANOVA with Tukey’s 
Honestly Significant Difference test was performed on the ∆CT values. ** = P < 0.010, 
***= P < 0.001, and **** = P < 0.0001. 

CHAPTER 4 – Discussion 

 In response to cellular stress, transient or persistent, the cell undergoes various 

responses to either adapt and survive or die. These mechanisms include, but are not 

limited to, activation of cell repair pathways, apoptosis, or autophagy, all of which are 

controlled by alternative expression of genes51. The alternative expression of genes 

during stress relies on transcriptional and post-transcriptional regulation. At the post-
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transcriptional level, alternatively splicing of pre-mRNA transcripts increases genome 

complexity which allows the cell to alter the proteome in response to cellular stress51. 

Seeing as many cellular stress response mechanisms, including alternative splicing, 

can provide the cell with survival benefits, it becomes clear how these mechanisms can 

be exploited in cancer cells. In fact, hypoxia-induced alternative splicing has been 

deemed the “11th hallmark of cancer” with implications in tumor pathogenesis and 

progression38. Hypoxic stress, a characteristic of the tumor microenvironment, has been 

implicated in triggering many alternative splicing events 38. Although there are numerous 

examples of hypoxia-induced alternative splicing, the effects of hypoxia on RP 

alternative splicing have only recently been studied. This is likely due to RPs being 

essential to cellular survival and usually viewed as passive and static in composition. 

Given the evidence that hypoxia-induced alternative splicing is implicated in cell 

proliferation, cell growth and migration, and cell survival during stress, it raises the 

question of whether RPS24 hypoxia-induced alternative splicing plays a role as well.  

A previous study has shown that in multiple different cell lines, hypoxia induces 

an exon inclusion event in RPS24 alternative splicing, thereby increasing the RPS24 

long variant by ~2-fold46. However, when the levels of RPS24 variants were measured 

in spheroids (in vitro tumor aggregates) of multiple cell lines, the levels of the RPS24 

long variant had a >4-fold induction46. Unpublished data from the Uniacke lab has 

shown that over 7 days of spheroid growth, the RPS24 short and long variants initially 

both increase but, over time, the RPS24 short variant decreases and the RPS24 long 

variant increases. This suggests that the increase in the RPS24 long variant and the 

decrease in the RPS24 short variant is a delayed adaptive stress response mechanism. 
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This begs the question of whether the increased expression of RPS24 long variant 

increases survival during stress. Indeed, artificially increasing the RPS24 long variant by 

over-expressing it in stable cell lines did increase viability during hypoxic stress in 

comparison to over-expressing the RPS24 short variant and the empty vector control. 

Due to the RPS24 long variant having a shortened C-terminal end and losing a lysine 

residue, the two protein isoforms could have different modifications that potentially could 

influence protein-protein interactions6. Since RPS24 is located near the mRNA entry 

channel, the difference in the two protein isoforms could influence binding of translation 

initiation factors as well as recognition of mRNA transcripts52. This could mean that the 

alternative splicing of RPS24 is involved in a stress related survival mechanism. The 

RPS24 long isoform could potentially produce a specialized hypoxic ribosome which 

can recruit specific survival related transcripts to be translated. Modified translation 

machinery in response to stress has been reported in E. coli, where specific ribosomes 

are generated during stress that selectively translate specific mRNAs53. Similar findings 

have been reported in S. cerevisiae that showed Rps26-deficient ribosomes 

preferentially translate stress-response related mRNAs54. Future studies could test 

whether RPS24 long alters ribosome transcript specificity by isolating ribosomes 

containing either the RPS24 long or short variant and perform RNA-Seq to assess if 

there are differences in the translatomes. This would assess if the RPS24 long and 

short variant differ in their functions within the ribosome and if the RPS24 long variant 

increases translation of stress related transcripts. Another explanation could be that 

RPS24 long and short have different extra-ribosomal functions. In humans, it has been 

shown that phosphorylated RPL13A has an extra-ribosomal function in which it binds to 
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and inhibits translation of inflammation-related mRNAs55. Phosphorylation of RPS3 in 

the presence of DNA damage stimulated it to participate in DNA damage repair through 

its nuclear endonuclease activity56. These studies support the idea that even a minor 

change, such as a difference in post-translational modifications, between the RPS24 

long and short variants can have substantial effects on function. Interestingly, the 

control stable cell line had a decrease in viability after 24 hours in hypoxia, but at 72 

hours in hypoxia viability increased. Since the empty control line does not over-express 

either of the RPS24 variants this suggests an adaptive stress response mechanism 

where at 72 hours there is a switch in alternative splicing of RPS24 towards exon 

inclusion. Previous work in the Uniacke lab supports this postulated delayed adaptive 

stress response mechanism since previous research has found that the RPS24 long to 

short variant ratio increase only happens 72 hours post spheroid formation. 

 The RPS24 short variant codes for a longer protein by three amino acids on the 

C-terminal of the protein, which consist of a lysine, proline, and a glutamic acid. Since 

the C-terminus of RPS24 is intrinsically disordered, it is considered a hot-spot for post-

translation modification57. Although the loss of three amino acids may seem 

insignificant, the shortened C-terminus of the RPS24 long variant loses a lysine which is 

a predicted spot for post-translational modifications. Moreover, it has been shown in D. 

melanogaster that a single amino acid substitution in RPS12 has distinct effects on cell 

competition58. This means that the RPS24 short and long variant protein isoforms may 

differ in their post-translational modifications, which has the potential to influence 

protein-protein interactions as well as protein stability6. Given this information, we 

sought to determine if the RPS24 long and short transcript variants or protein isoforms 
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differed in stability under normoxic and hypoxic conditions. Indeed, we found that both 

the RPS24 long transcript variant and the resulting protein isoform both increased 

stability in hypoxia in comparison to the RPS24 short transcript variant and protein 

isoform. This could be why we see an increase in viability when over-expressing the 

RPS24 long variant. If the RPS24 long variant is more stable during hypoxic stress, that 

means that essential protein synthesis can continue, and cells can survive longer during 

stress. Importantly, previous studies have shown that both the FLAG-tagged RPS24 

variants are functional proteins that incorporated into actively translating ribosomes46. 

 A previous study indicated that spheroids have a much higher induction of the 

RPS24 long variant than hypoxic monolayers46. Given this information, it is most likely 

hypoxia works in conjunction with other stressors present in the spheroid 

microenvironment. It could also be that the spheroid microenvironment has more 

chronic exposure to hypoxia, which is why we chose to investigate the effects of 

prolonged hypoxia on the RPS24 splice variant levels. What we found was that 

increasing the length of exposure of a monolayer to hypoxia significantly increases the 

levels of RPS24 long in comparison to the normoxic control. After exposing a monolayer 

to hypoxia for three days, the RPS24 long to short ratio increased by about 5-fold, 

similar to the levels documented in spheroids46. However, spheroids of different cell 

lines still tended to have even higher RPS24 long to short ratio increases. Ultimately, 

spheroids are high stress environments due to many compounding factors, such as 

build-up of metabolic waste and lactic acid as well as decreases in nutrients and growth 

factors. Therefore, it is likely not a singular feature responsible for the switch in 

alternative splicing of RPS24. All these features of the spheroid microenvironment are 
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known to induce the assembly of stress granules, which have been shown to be present 

in many different tumors including, glioblastoma, hepatocellular carcinoma and 

sarcoma42. Considering that splicing factors and spliceosome components are re-

localized to stress granules in a stress-dependent manner, it could be an explanation as 

to why we see such a large increase of the RPS24 long variant in spheroids. The 

singular features we have been testing might not be inducing enough stress to trigger 

stress granule formation as seen in tumor microenvironments. Future studies could test 

this theory by over-expressing either G3BP1, TIA-1, TIAR, TTP, FMRP, CPEB, SMN, or 

DYRK3 in normoxic monolayers followed by measuring the RPS24 variants42. 

Alternatively, stress granules could be induced by heat stress, arsenite exposure, viral 

infection or UV irradiation59. 

  Since the increase in the RPS24 long variant has proven to increase survival 

during hypoxic stress, we next sought out to elucidate the mechanism behind this switch 

in alternative splicing of RPS24. Data from a recent study showed that certain splice 

factors and splice factor kinase genes contain HREs and increase in expression when 

exposed to hypoxia60. Given this information, we decided to investigate the effects of 

HIFs on alternative splicing of RPS24. To do this, we treated normoxic monolayers with 

DMOG to activate the HIF response without activating any other hypoxia response 

mechanisms. We found that treating the cell with DMOG significantly increased the 

RPS24 long variant, driving an increase in the RPS24 long to short variant ratio. When 

we tried to reverse the effects by adding DMOG and HIF inhibitors, the RPS24 long 

variant levels did not significantly change, but the RPS24 short variant significantly 

increased. Treating spheroids with HIF inhibitors, that naturally have induction of the 
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HIF program, also led to a significant increase in the RPS24 short variant. Together, 

these data suggested that HIFs play a role in the alternative splicing of RPS24 not by 

increasing the RPS24 long variant, but by repressing the RPS24 short variant. Future 

studies should focus on determining which splicing factors control this alternative 

splicing of RPS24. Studies have shown that the expression of the splice factors SRSF1, 

SRSF2, SRSF3, SAM68, HuR, hnRNPA1, and splice factor kinases SRPK1 and CLK1 

are increased when exposed to hypoxia60. Preliminary data in the Uniacke lab suggests 

that when RPS24 long is induced CLK1 is upregulated. Future studies could investigate 

whether CLK1 regulates RPS24 alternative splicing by treating spheroids with CLK1 

inhibitor benzothiazole TG003 and measuring the levels of RPS23 long and short. 

Alternatively, the splice factors and splice factor kinases shown to increase during 

hypoxic stress could be individually inhibited, through either siRNA or gene knockdown, 

and the levels of RPS24 long and short could be measured. This would give insight to 

the splice factors involved with the alternative splicing of RPS24, which would help 

elucidate the mechanism behind the switch towards exon inclusion seen in hypoxia and 

spheroids. 

Upon further investigation of the effects of DMOG it was found that, in addition to 

stabilizing HIFs, DMOG also inhibits mitochondrial respiration and metabolism50. In 

hypoxia and spheroids, oxygen supply is low which would inevitably slow down cellular 

respiration. Given this information, we investigated the effects of inhibiting mitochondrial 

respiration and metabolism on the alternative splicing of RPS24. To do this, we used 

different compounds to specifically inhibit either mitochondrial metabolism or respiration 

in normoxic monolayers, followed by measuring the levels of the RPS24 splice variants. 
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Metformin, a compound that inhibits electron transport function, was the only compound 

that significantly influenced the alternative splicing of RPS24. Treatment of normoxic 

monolayers with Metformin lead to a significant increase of the RPS24 long variant in 

normoxic monolayers. However, Oligomycin, another inhibitor of the electron transport 

chain, did not significantly increase the levels of the RPS24 long variant. This led us to 

re-assess the similarities between DMOG and Metformin seeing as they are the only 

two compounds that increased the RPS24 long variant in normoxia. We found that 

DMOG and Metformin were the only compounds that are potent inducers of autophagy 

61,62. Given that hypoxia and spheroids also induce autophagy, this provides a link 

between all our experiments and leads us to conclude that autophagy could be involved 

in triggering a switch in alternative splicing towards exon inclusion in RPS24 alternative 

splicing63,64. Ultimately, the compounds that we have used in this experiment have a 

wide variety of functions and future studies would have test compounds with more 

specific and targeted functions, For example, future studies could use Lithium chloride 

or Tunicamycin to induce autophagy and confirm induction via intracellular staining for 

autophagosomes65. 

Unpublished work in the Uniacke lab describes attempts to isolate specific 

features of the spheroid microenvironments and apply them to monolayers to see if the 

induction of RPS24 long in spheroids could be reproduced. Many singular features of 

spheroids have been tested in monolayers, such as lactic acid treatment and increased 

cell to cell contact, that have not induced the RPS24 long to the levels seen in 

spheroids. Ultimately, it is not likely one singular feature of spheroids, but a combination 

of all the stressors that exist in a spheroid. Given our results thus far, it seems as 



 

 

 

 

45 

though autophagy is a likely candidate for triggering the alternative splicing switch in 

RPS24 towards the long variant. Considering that many of the stressors within the 

tumour microenvironment trigger autophagy, the possibility of autophagy triggering the 

alternative splicing switch in RPS24 becomes a possibility63,64. Autophagy is a stress 

response mechanism that works to protect cells from nutrient deprivation by providing 

the cell with metabolic plasticity64. In certain cancer types, autophagy has been seen to 

support tumor growth; therefore, autophagy has become a target for cancer 

therapeutics64. The U-87 MG cells used in this study are glioblastoma cells which are 

characterized by resistance to a high degree of hypoxia and to cancer therapeutics63. 

This resistance to hypoxia and cancer therapeutics is mostly due to the adaptative 

capabilities of the glioblastoma cells, one of which is autophagy63. If autophagy triggers 

this switch in alternative splicing of RPS24, and increasing the RPS24 long variant 

increases survival during hypoxic stress, then targeting the RPS24 long variant in 

cancer therapeutics might effectively decrease cancer cell survival and treatment 

resistance. 

In conclusion, this study provides evidence that the RPS24 long variant 

increases survival during hypoxic stress and that the increase in the RPS24 long to 

short variant ratio seen in hypoxia and spheroids is, in part, due to the HIF response 

mechanism and, possibly, autophagy. Although this study has shed light on the 

mechanisms behind the induction of the RPS24 long variant in spheroids, much 

research is left to be done. Questions also remain about how exactly the RPS24 long 

variant increases survival during hypoxic stress. Is it simply due to an increase in 

stability as we have seen here, or are there different functions between the RPS24 short 
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and long variant? Importantly, this study has provided ways to investigate how RPS24 

splicing could be used as a therapeutic target in cancer treatments. 
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APPENDIX 
 
Table 1: List of Primers. 

Target Forward (5’->3’) Reverse (5’->3’) 
 

RPS24 Short 
(NM_001026.4) 

 
GACTTGCAAGACATGGCCTGT 

 
TCCTTCGGCTTTTTGCCA 

 
RPS24 Long 

(NM_033022.3) 

 
GACTTGCAAGACATGGCCTGT 

 
TCCAGCTCATTTTTGCCAG 

 
RPL13A 

 
AGCCGCATCTTCTGGCGGA 

 
TTGTCGTAGGGCGGTGGGATG 

 
GLUT1 

 
CTGTCTGGCATCAACGCTGTCTT 

 
TCCTCGGGTGTCTTGTCACTTTGG 

 
Table 2: RPS24 Long to Short Ratio in Stable Cell Lines in Normoxia and Hypoxia. 

 


