
Hypoxia influences polysome distribution of human
ribosomal protein S12 and alternative splicing of
ribosomal protein mRNAs

ANDREA BRUMWELL, LESLIE FELL, LINDSAY OBRESS, and JAMES UNIACKE

Department of Molecular and Cellular Biology, University of Guelph, Guelph, Ontario N1G 2W1, Canada

ABSTRACT

Ribosomes were once considered static in their composition because of their essential role in protein synthesis and king-
dom-wide conservation. The existence of tolerated mutations in select ribosomal proteins (RPs), such as in Diamond-
Blackfan anemia, is evidence that not all ribosome components are essential. Heterogeneity in the protein composition
of eukaryotic ribosomes is an emerging concept with evidence that different pools of ribosomes exist with transcript-spe-
cificity. Here, we show that the polysome association of ribosomal proteins is altered by low oxygen (hypoxia), a feature of
the tumormicroenvironment, in human cells.We quantified ribosomal protein abundance in actively translating polysomes
of normoxic and hypoxic HEK293 cells by tandem mass tags mass spectrometry. Our data suggest that RPS12 (eS12) is
enriched in hypoxic monosomes, which increases the heavy polysome association of structured transcripts APAF-1 and
XIAP. Furthermore, hypoxia induced five alternative splicing events within a subset of RPmRNAs in cell lines. One of these
events in RPS24 (eS24 protein) alters the coding sequence to produce two protein isoforms that can incorporate into ri-
bosomes. This splicing event is greatly induced in spheroids and correlates with tumor hypoxia in human prostate cancer.
Our data suggest that hypoxia may influence the composition of the human ribosome through changes in RP incorporation
and the production of hypoxia-specific RP isoforms.

Keywords: hypoxia; ribosome; splicing; cancer

INTRODUCTION

The perception of the ribosome, the nexus of protein syn-
thesis within the cell, has changed dramatically throughout
the past couple of decades. No longer viewed as a
completely rigid and passive structure, mounting evidence
suggests that cells maintain a heterogeneous pool of ribo-
somes. Altered stoichiometry of ribosomal proteins (RPs)
has been observed in both ribosomes of wild-type yeast
and mouse embryonic stem cells (Slavov et al. 2015; Shi
et al. 2017). Further, the presence of certain RPs in ribo-
somes may specify transcript selection. Two proteins iden-
tified as substoichiometric in mouse embryonic stem cells,
RPL10A and RPS25, bind different categories of mRNAs
when present in ribosomes, such as those involved in ex-
tracellular matrix organization and the vitamin B12 path-
way, respectively (Shi et al. 2017). The recent use of
advancedmass spectrometric techniques tomeasure ribo-
some stoichiometry identified minimal heterogeneity in
wild-type human 40S subunits, albeit RPS25 was again

identified as substoichiometric (van de Waterbeemd
et al. 2018). Minimal heterogeneity in ribosome composi-
tion is unsurprising in unstressed cells, but it is tempting to
speculate that stressors or other environmental stimuli may
alter gene expression through changes in RP incorporation
into the ribosome.
In response to environmental insults such as heat shock,

nutrient deprivation, or hypoxia, cells mount an adaptive
stress response often through the regulation of transla-
tion. Protein synthesis is suppressed during stress, but
the translation initiation of select transcripts is regulated
to aid in cell survival, preventing DNA damage, and recov-
ery (Liu and Qian 2014). Processes to maintain this selec-
tive translation can include cap-independent initiation
through internal ribosome entry sites (IRES) or cap-inde-
pendent translation enhancers, upstream open reading
frames, noncanonical cap-dependent initiation via cap-
binding homolog eIF4E2, and the use of alternative
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initiation factors such as eIF4G3, DAP5, and eIF5B (Holcik
and Sonenberg 2005; Uniacke et al. 2012; Ho et al. 2016,
2018; Lacerda et al. 2017; Bryant et al. 2018).

Indeed, ribosome regulation during stress is not a novel
concept. Actively translating ribosomes from nutrient-de-
prived Escherichia coli are enriched with rRNA encoded
by a specific rDNA operon. Nine out of ten variant nucleo-
tides of this rDNA operon are located in the beak region of
the ribosome, and these ten variant nucleotides are suffi-
cient to alter the expression and translation of genes asso-
ciated with nutrient stress (Kurylo et al. 2018). Exposure of
yeast to high salt and high pH stress induces RPS26-defi-
cient ribosomes that preferentially translate mRNAs bear-
ing Kozak sequence variations (Ferretti et al. 2017).
Similar to RPS26, the presence of RPL38 and RPL13A in ri-
bosomes also affects the ability of ribosomes to translate
IRES-containing transcripts while having no effect on
cap-dependent translation initiation (Chaudhuri et al.
2007; Kondrashov et al. 2011; Xue et al. 2015).

Despite amassing evidence of ribosome heterogeneity
in wild-type cells, or in stressed E. coli and yeast, the reg-
ulation of RPs in human ribosomes under environmental
stimuli or stress has yet to be studied. Given the relevance
of hypoxia in human physiology and disease, namely em-
bryonic development and tumor biology (Semenza 2012),
we investigated the influence of hypoxia (1% O2) on the
regulation of human RPs and their incorporation into ribo-
somes. We first used tandem mass tags (TMT) mass spec-
trometry to quantify alterations in polysome-associated
RPs between hypoxic and normoxic HEK293 cells. We
identified RPS12 (eS12) as having an increasedmonosome
to polysome ratio in hypoxia relative to normoxia. The ex-
ogenous enrichment of RPS12 in monosomes leads to en-
hanced heavy polysome association of APAF-1 and XIAP
mRNAs. We next examined alternative splicing events
(ASEs) in RP mRNAs that could lead to hypoxia-induced
RP isoforms. An analysis of 68 ASEs in RP mRNAs revealed
five events that were induced by hypoxia in HEK293. Of
these five events, an exon inclusion event in RPS24 was
consistently increased in spheroids (3D hypoxic cell culture
models) of four cell lines, and displayed a significant weak
correlation with hypoxia in human prostate tumor samples.
Our data suggest that hypoxia produces changes in poly-
some association of select RPs and alters the ratio of select
RP mRNA splice variants.

RESULTS

Hypoxia influences the participation of select RPs
in actively translating ribosomes of HEK293 cells

To investigate the effects of hypoxia on polysome asso-
ciation of RPs, we cultured HEK293 cells in normoxia
(21% O2) or hypoxia (1% O2) for 24 h. We isolated 80S
monosomes (M; single ribosomes), light polysomes

(L; 2–4 ribosomes/transcript), and heavy polysomes (H;≥
5 ribosomes/transcript) via sucrose density gradient frac-
tionation of an equal number of cells (Fig. 1A). M, L, and
H fractions in both normoxia and hypoxia were tagged
with separate isobaric labels for a single injection for
TMTmass spectrometry. Among the 3232 unique proteins
identified across three biological replicates, we detected
78 of the 80 canonical RPs and three paralogs with an av-
erage of 11 unique peptides. RPL39 (or the unified nomen-
clature eL39) and RPL41 (eL41) were not detected perhaps
due to small size (see Supplemental Material source data
file for Fig. 1). We calculated abundance ratios of RPs in
L and H fractions relative to M, obtaining L/M and H/M ra-
tios in normoxia and hypoxia (Fig. 1B). The M fraction was
used as reference within each condition to control for oxy-
gen-dependent differences in ribosome biogenesis,
ribophagy, and translation capacity. In accordance with a
higher ribosome density in the polysome fractions, most
RPs are more abundant in L and H relative to M (positive
log2 fold change; Fig. 1B). In normoxia, 68/81 and 81/81
RPs displayed L/M and H/M ratios ≥1, respectively (Fig.
1B). Similarly, 50/81 and 80/81 RPs displayed hypoxic L/
M and H/M ratios ≥1, respectively (Fig. 1B). To highlight
hypoxia-specific changes in RP polysome association, we
divided hypoxic L/M or H/M by normoxic L/M or H/M
(Fig. 1C). Since hypoxia reduces global translation (Liu
and Simon 2004), it was not surprising that most RPs
were less associated with polysomes in hypoxia compared
to normoxia (Fig. 1C). Indeed, 56/81 and 68/81 ratios had
a negative log2 fold change (Fig. 1C). Interestingly, from
the RPs that had a positive log2 fold change, only three
(RPL7L1, RPL8 [uL2], and RPL27A [uL15]) significantly in-
creased by >20% in hypoxic L/M or H/M relative to nor-
moxia (solid bars; Fig. 1C). RPS12 (eS12) was the only RP
to be more abundant in M relative to H in hypoxia (H/M <
1), and was also more abundant in hypoxic M relative to L
(Fig. 1B). Furthermore, RPS12decreased2.2-fold in hypoxic
relative to normoxic H/M (Fig. 1C), as confirmed bywestern
blot (Supplemental Fig. S1A,B).Awesternblot on individual
fractions of a whole polysome gradient shows that RPS12 is
enriched in hypoxic monosomes (Supplemental Fig. S1C).
TheantibodyagainstRPS12 recognizes its carboxy-terminal
region, indicating that changes in abundance were not
due to nascent polypeptides. These data suggest that
within a heterogeneous pool of ribosomes, RPL7L1, RPL8,
and RPL27A are more likely whereas RPS12 is less likely to
be incorporated into hypoxic polysomes.

RPS12 overexpression increases heavy polysome
association of APAF-1 and XIAP mRNAs

While the mass spectrometry data indicated a reduction of
RPS12 in hypoxic heavy polysomes relative to normoxia,
there was also an enrichment of RPS12 in monosomes
(Fig. 1). Indeed, when validated via western blot, the
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A

C

B

FIGURE 1. The abundance of four ribosomal proteins is altered in hypoxic relative to normoxic polysomes. (A) Fractionated ultracentrifuged cell
lysates fromHEK293 in 21%O2 (normoxia) and 1%O2 (hypoxia) were pooled into 80Smonosomes (M; within dotted line), light polysomes (L), and
heavy polysomes (H). (B) Volcano plot of the abundance ratio using themean abundances from three biological replicates to calculate the L/M and
H/M ratios. Dotted line represents P=0.05 using two-tailed unpaired t-test. (C ) The ratio of hypoxic L/M or H/M to normoxic L/M or H/M was
calculated and represented as log2 fold change. Dashed line represents cut-off value of ±0.2 non-log2 transformed change in hypoxic L/M or
H/M relative to normoxic (L/M or H/M). Solid bars represent proteins above this cut-off that were statistically significant in hypoxic polysomes
relative to monosomes. See Supplemental Material source data file for Figure 1.
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enrichment of RPS12 in hypoxic monosomes was more ev-
ident than its reduction in heavy polysomes (Supplemental
Fig. S1). Structural studies place RPS12 in the beak of
the ribosome where it interacts with DHX29 (Hashem
et al. 2013). Since DHX29 has been linked to the trans-
lation initiation of structured transcripts (Parsyan et al.
2009; Pisareva and Pisarev 2016), we investigated whether
RPS12 had a similar role. Because siRNA-mediated deple-
tion of most RPs leads to impaired ribosome biogenesis
(Robledo et al. 2008; O’Donohue et al. 2010), we explored
RPS12 overexpression. Since exogenous carboxyl terminal
myc-tagged RPS12 enriched specifically in monosomes
and light polysomes (Supplemental Fig. S2), this provided
a condition that exaggerated the hypoxic phenotype.
Indeed, APAF-1 mRNA, a transcript with a very highly
structured (ΔG −289.1 kcal/mol via mfold) and long (587

nt) 5′ UTR, associated significantly more with hypoxic
heavy polysomes in RPS12 overexpressing cells relative
to the empty vector control (Fig. 2A). We also tested
XIAP mRNA, a DHX29-dependent transcript (Parsyan
et al. 2009) with a moderately structured (ΔG −65.0 kcal/
mol) and shorter (159 nt) 5′ UTR, which associated more
with hypoxic heavy polysomes in RPS12 overexpressing
cells albeit less so than APAF-1 (Fig. 2A). GAPDH and β-
Actin mRNAs, two transcripts with short 5′ UTRs (<100
nt) with weak secondary structures, displayed no change
in their polysome association between RPS12 overexpress-
ing cells and controls (Fig. 2A). Overexpression of RPS12
does not appear to alter global translation (Supplemental
Fig. S2). Crystal structures of the ribosome indicate that
the carboxyl terminus of RPS12 is solvent-exposed (Anger
et al. 2013), so the tag should not interfere with ribosome

A

B

FIGURE 2. RPS12 overexpression affects heavy polysome association of APAF-1 and XIAP mRNAs. (A) Semi-quantitative RT-PCR was used to
measure the abundance of APAF-1, XIAP, GAPDH, and β-Actin mRNAs in polysome fractions of normoxic (21% O2) and hypoxic (1% O2)
HEK293 cells overexpressing RPS12 (eS12) with the Myc-DDK-RPS12 ORF vector (red line) or control cells expressing the empty vector pMyc-
N1 (blue line). The fraction of mRNA in each lane was calculated based on total band intensity of the transcript across the entire polysome gra-
dient. Dashed line denotes the start of the polysome fractions. A representative image is shown. (B) Total levels of APAF-1 and XIAP mRNAwere
measured in normoxic and hypoxic HEK293 control cells and those overexpressing RPS12 using RT-qPCR. The ΔΔCt method was used, normal-
izing to reference gene RPL13A, and fold-change made relative to empty vector control. Data (n=3), mean±SEM. Two-tailed unpaired t-tests
were performed.
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incorporation and indeed exogenous RPS12 associated
with the polysome fractions to a similar degree as the en-
dogenous RP (Supplemental Fig. S2). However, a portion
of exogenous RPS12 associated with the free fraction (frac-
tion 1; Supplemental Fig. S2). Some free-floating RPs can
stabilize p53 (Zhang and Lu 2009), which induces APAF-1
transcription (Robles et al. 2001). We show that p53
(Supplemental Fig. S3) and total APAF-1 mRNA levels
(Fig. 2B) do not change between RPS12 overexpressing
and control cells. Given that total APAF-1 and XIAP
mRNA levels do not increase in RPS12 overexpressing cells
(Fig. 2B), this suggests that the increase in monosome and
light polysome-associatedRPS12observed in hypoxia con-
tributes to the higher translation efficiency of these struc-
tured transcripts. Of note, normoxic overexpression of
RPS12 did not increase the translation efficiency of APAF-
1 and XIAPmRNAs suggesting that other hypoxia-induced
factors could be required.

Hypoxia induces alternative splicing events
in ribosomal protein mRNAs in HEK293

Another way that hypoxia could influence ribosome
composition is through the generation of RP isoforms via
hypoxia-regulated alternative splicing events (ASEs). We
examined a panel of 68 ASEs in RP transcripts in normoxic
and hypoxic HEK293 cells by end-point PCR. Primer pairs
flanking specific ASEs produced long amplicons that
included a certain exon or short amplicons that either ex-
cluded the exon or included an alternative shorter exon
(Supplemental Table S1). The expression ratio of the
long amplicon (L) relative to the short (S) was quantified
by capillary electrophoresis and expressed as percent
splicing index [PSI; L/(S+ L) × 100]. Hypoxia was confirmed
by measuring the expression of SLC2A1/GLUT1 mRNA
(Supplemental Fig. S4). Only 6/68 ASEs displayed ≥10%
PSI difference between normoxia and hypoxia (ΔPSI), while
the majority (40/68) of ASEs had 0% ΔPSI (Fig. 3). A ΔPSI
of ≥10% has been previously used as a threshold for vali-
dation (Klinck et al. 2008). Of the six ASEs that displayed
a ΔPSI of ≥10%, we chose to investigate five events:
RPL10e1, RPL17e2, RPL22L1, RPS24e2, and RPS9e3, elim-
inating RPLP0 due to low detection. These five events can
be described as follows: (i) An ASE in RPL10 displayed a
complete shift toward inclusion of an alternate 163 bp
exon where the PSI increased from 76.1% in normoxia to
100% in hypoxia; (ii) An ASE in RPL17 displayed a reduc-
tion in the inclusion of a 17 bp-longer alternative first
exon from 40% in normoxia to 26.2% in hypoxia; (iii) the
ASE in RPL22L1 displayed a shift toward inclusion of a 67
bp-longer alternative third exon where the PSI increased
from 15.7% in normoxia to 30.8% in hypoxia; (iv) An ASE
in RPS24 displayed a shift toward inclusion of a 22 bp cas-
sette exon where the PSI increased from 42.3% in nor-
moxia to 56.5% in hypoxia; (v) An ASE in RPS9 displayed

a shift toward exclusion of a 1372 bp exon rather than three
shorter exons where the PSI decreased from 43.8% in nor-
moxia to 17.9% in hypoxia (Supplemental Fig. S5). These
data demonstrate that hypoxia has minimal influence on
AS in RP mRNAs in HEK293, but that the affected genes
could be part of a hypoxia splicing signature.

Hypoxia induces alternative splicing events
in ribosomal protein mRNAs in cancer cells

We next investigated whether the hypoxia-induced ASEs
in HEK293 RP mRNAs are conserved in other cells lines.
We chose three cancer cell lines (U87MG glioblastoma,
HCT116 colorectal carcinoma, and PC3 prostate carcino-
ma) due to the relevance of hypoxia in cancer and tumor

FIGURE3. Alternativesplicingevents in fiveribosomalproteinmRNAs
are induced by hypoxia in HEK293 cells. A heat map representing the
percent splicing index (PSI; long variant/[short + long variants] × 100)
for 68 alternative splicing events (ASEs) in HEK293. Five ASEs (boxed)
had a ΔPSI (|hypoxic PSI−normoxic PSI|)≥ 10%. Nineteen ASEs had a
ΔPSI < 10%,40hadaΔPSI = 0%,andtheΔPSIwasunable tobecalculat-
ed for threeASEs due to lack of detection or undefined short/long var-
iant. See Supplemental Material source data file for Figure 3.
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biology. In addition to cell monolayers, we measured
these ASEs in spheroids, avascular models of tumor hypox-
ia, to identify possible hypoxic tumor
biomarkers. Hypoxia was confirmed
by SLC2A1/GLUT1 mRNA expression
in both the monolayers and spheroids
(Supplemental Fig. S4).

From the data in HEK293 (Fig. 3),
we selected five ASEs that did not
change (0% ΔPSI) between normoxia
and hypoxia and the five that had
a ΔPSI≥10% to determine their re-
producibility in the cancer cell lines.
Among the ASEs that displayed 0%
ΔPSI in HEK293, the PSI were also un-
changed in all three cancer cell lines,
regardless of oxygen, although the
ASE in RPL11 could not be detected
in hypoxic PC3 cells (Fig. 4). Overall,
the splicing events that changed by
>10% in HEK293 displayed some var-
iability across the cancer cell lines, but
some commonalities were identified.
The amplicons for RPL10e1 were of-
ten below the detection threshold of
5 nM, likely due to this ASE not being
in the canonical RPL10 mRNAs and
thereby making this a poor candidate
biomarker. As in hypoxic HEK293, the

PSI of RPS9e3 was decreased in hypoxic HCT116, as well
as both U87MG and HCT116 spheroids, although the
PSI in PC3 cells did not follow this trend. The splicing event
in RPL22L1 was reproduced only in PC3 cells where, as
with HEK293, the PSI increased in hypoxia and then in-
creased even further in spheroids. Splicing of RPL17e2
had the same trend in all three cancer cell lines, where
the PSI decreased in spheroids but increased slightly in
hypoxia, unlike HEK293 where the PSI decreased in hyp-
oxia. Similar to RPL22L1, RPS24e2 had an increase in PSI
in only hypoxic PC3 cells (as HEK293), but had a dramatic
shift toward exon inclusion in spheroids of all three cancer
cell lines, increasing by 48%–90% PSI compared to nor-
moxia. Based on these data, we chose the ASE in RPS24
as a candidate marker of hypoxia and/or other features
of the spheroid microenvironment. Further, the ASE in
RPS24 is the only event that corresponds to the canonical,
curated transcripts (NCBI RefSeq) while also affecting the
coding sequence. Indeed, we show that the short and
long mRNA variants generated by this ASE are translated
and produce RP isoforms (eS24) that associate with poly-
somes (Fig. 5).

Validation of RPS24 AS using RT-qPCR

We next sought to validate the ASPCR spheroid data (Fig.
4) using variant-specific primers and quantitative PCR in
hypoxia and spheroids of all four cell lines (Fig. 6). The

FIGURE 4. Alternative splicing events within ribosomal protein
mRNAs weremeasured in cancer cell lines and their spheroids. Ten al-
ternativesplicingeventswerechosenbasedonΔPSIvalues fromFigure
3 of HEK293 cells: Five ASEs with ΔPSI = 0% and five ASEs with ΔPSI≥
10% were measured in three cancer cell lines in 21% O2, 1% O2, and
spheroids. See Supplemental Material source data file for Figure 4.

A

B

FIGURE 5. Endogenous RPS24 short and long transcript variants, and exogenous protein iso-
forms associate with polysomes. (A) Using transcript variant-specific RPS24 primers, short and
long variants were amplified via RT-PCR from polysome fractions with either cycloheximide, or
EDTA as a control to dissociate polysomes. (B) Polysomeswere isolated from two cell lines each
stably expressing one of the FLAG-tagged RPS24 protein isoforms (eS24) using cycloheximide
and EDTA. Western blots were performed using anti-FLAG, or β-Actin as a control protein
not associated with polysomes. Experiments performed in U87MG glioblastoma in normoxia
(21% O2). See Supplemental Table S1 for primer sequences.

Brumwell et al.

366 RNA (2020) Vol. 26, No. 3

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.070318.119/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.070318.119/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.070318.119/-/DC1


long variant of RPS24 containing a 22 bp cassette exon in-
creased by 1.4- to 2.1-fold in hypoxic samples of all cell
lines. Consistent with the ASPCR data (Fig. 4), the long var-
iant of RPS24 increased greater than or equal to fourfold
in spheroids of all cell lines (Fig. 6B). Of note, the short
variant of RPS24 decreased in hypoxia relative to normoxia
in U87MG and PC3 monolayers and spheroids, further
increasing the ratio of long to short RPS24 variants.
Therefore, the RPS24 long/RPS24 short variant ratio could
be a better predictor of hypoxia and/or the tumormicroen-
vironment than the induction of the RPS24 long variant
alone.

Exon inclusion within RPS24 correlates with hypoxia
in prostate tumors

Wemeasured the alternative splicing of RPS24 in 96 cDNA
samples from prostate tumors or normal tissue. In total:
17 normal samples, 40 Stage II, 30 Stage III, 4 Stage IV,
and 5 Stage Not Reported. The degree of hypoxia was
determined by measuring carbonic anhydrase-9 (CAIX)
expression (Fig. 7A). For RPS24, a less abundant extra-
long (XL) amplicon (includes not only the 22 bp cassette

exon but also an 18 bp cassette exon) that was detected
in HEK293 (Supplemental Fig. S5) was a major amplicon
in the tumor samples. Therefore, we calculated two PSI:
L/S+ L and XL/L +XL. There was a significant weak nega-
tive correlation between the CAIX Ct value and both PSI
(Fig. 7A). This suggests that hypoxia favors exon inclusion
as the more hypoxic samples (i.e., Lower CAIX Ct) had
higher PSI values. Conversely, both PSI significantly de-
creased with cancer stage suggesting that exon exclusion
is favored (Fig. 7B), which corresponds with other reports
(Danan-Gotthold et al. 2015; Zhang et al. 2015; Munkley
et al. 2019). Hypoxia does not always correlate with stage
(Hockel et al. 1996), and indeed 13/17 of the hypoxic sam-
ples (i.e., Ct < 31) were from stage II tumors. Therefore, it
was not surprising that the exon inclusion we observed in
hypoxia was not more common at later cancer stages.
Therefore, our data suggest that RPS24 alternative splicing
has the potential to be a marker of tumor hypoxia.

DISCUSSION

Recent studies have highlighted that eukaryotic ribosomes
are amenable to alterations in their RP composition, and

A

B

FIGURE6. The long variant of RPS24 is significantly up-regulated in spheroids of four cell lines. (A) Spheroids from four cell lines were imaged and
harvested 5 d following cell seeding. (B) RT-qPCR using variant-specific RPS24 primers were used to confirm the ASPCR data from Figure 4. The
ΔΔCt method was used, normalizing to reference genes RPLP0 and RPL13A, and the fold-change made relative to normoxia. Data (n=8), mean
fold-change±SEM. One-way ANOVA was performed on the ΔCt values. (∗) P<0.05, (∗∗) P<0.01, (∗∗∗) P<0.001, (∗∗∗∗) P<0.0001. Scale bar,
500 µm.
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that RPs may play specialized roles in transcript selection
(Chaudhuri et al. 2007; Slavov et al. 2015; Ferretti et al.
2017; Shi et al. 2017). Since the function of many RPs is
unclear in humans, it is possible that some could regulate
ribosome specificity to alter gene expression in response
to various stimuli. Hypoxia is implicated in embryonic de-
velopment, adaptation to altitude, muscle exercise, but
also the pathology of cancer, stroke, and heart disease
(Semenza 2012). Hypoxia is defined as reduced (≤1%
O2) oxygen availability to cells and is a feature of the tumor
microenvironment that drives metastasis and resistance to
chemotherapeutics (Semenza 2012). In support of ribo-
some heterogeneity in cancer, translational control in
general has been extensively shown to be deregulated in
cancer and is currently a major target of chemotherapeu-
tics (Bhat et al. 2015). Translation regulation has become
fertile ground to understanding hypoxic gene expression.
Here we show that hypoxia influences polysome associa-
tion of RPS12 and the alternative splicing of RPS24.

We show that RPS12 is enriched in hypoxic monosomes
relative to normoxia, suggesting that this RP may be in-
volved in regulation of hypoxic translation initiation
(Coudert et al. 2014). RPS12 is located on the outer surface
in the beak of the ribosome, near the mRNA entry channel
(Rabl et al. 2011; Khatter et al. 2015) and where translation
initiation factors eIF3 and DHX29 bind to cooperate in

scanning of structured mRNAs (Pisareva and Pisarev
2016). Overexpression of RPS12 in monosomes caused a
greater association of APAF-1 and XIAPmRNAs with hypo-
xic heavy polysome fractions relative to control. RPS12
overexpression in monosomes minimally influenced the
polysome distribution of these mRNAs in normoxia, sug-
gesting a requirement for other hypoxia-induced path-
ways. APAF-1 mRNA has a long, highly structured 5′ UTR
that allows its translation to be cap-independent, highly
eIF4A-dependent, and resistant to mTOR suppression
(Lyabin and Ovchinnikov 2016). An IRES has been identi-
fied in the 5′ UTR of APAF-1 (Coldwell et al. 2000), however
5′ end-dependent scanning has also been shown to occur
independent of the IRES (Andreev et al. 2012). Notably,
proximity proteomics places RPS12 near eIF4A1 (a heli-
case that unwinds the 5′ UTR during scanning), suggesting
that RPS12 ismore frequent in initiating ribosomes (Padrón
et al. 2019). We observed a lesser increase, only in hypox-
ia, of XIAP mRNA association with heavy polysomes when
RPS12 was overexpressed in monosomes. This lesser in-
crease could be due to degree of structure within the tran-
scripts, since according to the curated mRNA variants
(NCBI), the 5′ UTR of XIAP is less structured than APAF-
1. Even though APAF-1 (apoptosis) and XIAP (survival)
play opposing roles in the cell, they both contain an IRES
which maintains translation efficiency in hypoxia (Holcik

A

B

FIGURE 7. The inclusion of an alternative exon in RPS24 is significantly weakly correlated with hypoxia in human prostate tumors. (A) An alter-
native splicing event in RPS24 produces three amplicons in human prostate normal and tumor cDNA samples: short (S), long (L), and extra-long
(XL). Because the extra-long ampliconwasmore abundant than in the cell lines (Supplemental Fig. S5), two PSI were calculated (L/S+ L and XL/L+
XL) each reflecting the inclusion of a single exon. Each PSI was correlatedwith theCt (cycles to threshold in PCR) value of the hypoxiamarker CAIX.
The Spearman’s correlation coefficient (r) and associated P-value is shown for 94 samples: normal tissue (n=16), stage II (n=40), stage III (n=29),
stage IV (n=4), cancer stage not reported (n=5). (B) Box plots compare PSI with tumor stage using one-way ANOVA (Kruskal–Wallis) with Dunn’s
multiple comparisons test. (+) represents mean. (∗) P<0.05, (∗∗) P<0.01. See Supplemental Material source data file for Figure 7.
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and Sonenberg 2005). Therefore, it is not surprising that
both are translated in hypoxia and this could be part of a
tug-of-war between cell survival and death under stress.
Our data suggest that RPS12 is enriched in hypoxic mono-
somes to increase the translation efficiency of select tran-
scripts. These transcripts could be selected based on the
degree of structure within their 5′ UTR, although future
work will be required to fully understand how hypoxic ini-
tiating ribosomes select these transcripts via ribosome-
associated factors and/oradditional featureswithinmRNAs.
It was not surprising that most (63/68) ASEs examined in

RP mRNAs were conserved between normoxia and hypox-
ia due to the important role of the ribosome. Although oth-
er splice events could alter RP levels, such as RPL22L1
where the long variant is a predicted target of nonsense-
mediated decay, we chose to focus on RPS24 since it alters
the coding sequence. Our data suggest that alternative
splicing of RPS24 is influenced by hypoxia, but to a greater
degree by a combination of factors within spheroids. The
longer splice variant of RPS24 produces a protein short-
ened by three amino acids at the carboxyl terminus
(Gupta andWarner 2014). We show that both endogenous
RPS24 splice variants are actively translated, and FLAG-
tagged versions of the protein isoforms incorporate into
polysomes. RPS24 isoforms could produce specialized
hypoxic ribosomes through the recruitment of different ri-
bosome-associated proteins since the carboxyl terminus is
accessible at the surface. Since the shortened carboxyl ter-
minus produced by the long RPS24 splice variant loses a
lysine residue, the two protein isoforms could contain dif-
ferent post-translational modifications that could modu-
late their activity and/or stability (Khatter et al. 2015).
Additionally, proximity proteomics of eIF4A1 showed en-
richment of RPS24, highlighting its position near the
mRNA entry channel and potential importance in transla-
tion initiation (Padrón et al. 2019).
Inclusion of the 22 bp cassette exon or both the 18 and

22 bp cassette exons within RPS24mRNA had a significant
weak positive association with hypoxia in prostate tumors
(Fig. 6A), which was consistent with the cell lines where
exon inclusion was mildly augmented by hypoxia alone.
Conversely, inclusion of the 22 bp cassette exon or both
the 18 and 22 bp cassette exons decreased with cancer
stage (Fig. 6B). Indeed, studies have linked RPS24 splicing
with the incidence of several cancers without selecting
hypoxia as a specific parameter (Danan-Gotthold et al.
2015; Zhang et al. 2015; Munkley et al. 2019). In prostate
cancer, the ESRP2 splicing factor represses the inclusion
of the 22 bp cassette exon of RPS24 and was induced
upon androgen stimulation (Munkley et al. 2019). It would
be interesting to investigate whether hypoxia regulates
ESRP2 or whether there are hypoxia-regulated splicing
factors such as SRSF3 (Brady et al. 2017) that function on
RPS24. In the human tumor samples that we acquired, hyp-
oxia did not correlate with stage. In contrast to cell lines

and spheroids, tumors are heterogeneous not only in oxy-
genation but cell type, so a reduced effect was expected.
Since most of the hypoxic prostate tumors were in stage II,
the RPS24 long variant could be a hypoxic biomarker for
early stage detection although further investigation on a
broader scale would be necessary.
In summary, we show that hypoxia influences the poly-

some association of select RPs and the alternative splicing
of select RPmRNAs. Further examination of these changes
in cells cultured under physiologically relevant oxygen
conditions (physioxia) would be a valuable research ave-
nue (Keeley and Mann 2019). Indeed, this emerging field
will surely progress in the context of human biology to
gain a greater appreciation that ribosome composition is
heterogeneous in response to stressors in normal physiol-
ogy and disease.

MATERIALS AND METHODS

Cell culture

All cell lines were used within 6 mo of being obtained from the
American Type Culture Collection and maintained as suggested.
Cells were incubated at 37°C in 5% CO2 and either 21% O2 (nor-
moxia) or 1% O2 (hypoxia) in a HypOxystation H35 for 24 h.
Spheroids were generated by seeding 50,000 cells into round
bottom, low-attachment 96-well plates (Corning) followed by
gentle swirling to promote cell–cell contacts and incubated for
5 d. Hypoxia was confirmed via SLC2A1 transcription induction.

Polysome isolation

Cell lysis, polysome fractionation and analysis, and protein isola-
tion were performed as previously described (Timpano and
Uniacke 2016). Polysomes were dissociated by adding 20 mM
EDTA pH 8.0 to lysis buffer and sucrose gradients in the absence
of cycloheximide.

TMT-mass spectrometry

Polysome fractions were pooled into monosome (M; single ribo-
somes), light polysomes (L; 2–4 ribosomes/mRNA), and heavy
polysomes (H; ≥5 ribosomes/mRNA) prior to protein isolation.
Protein abundances in L and H were made relative to M in nor-
moxia and hypoxia. Mass spectrometry analyses were carried
out in three biological replicates. TCA-precipitated proteins
were reduced, alkylated, and digested with Trypsin/Lys-C, fol-
lowed by labeling with TMT-10plex (ThermoFisher). Detailed pro-
tocol in Supplemental Information.

Transfection, RNA isolation, and RT-PCR or RT-qPCR

Cells (5 ×106) were seeded into 150 mm plates and transiently
transfected (15 µg DNA) 24 h later using polyethylenimine
(26 µg/mL final concentration) with either the empty plasmid con-
trol (pMyc-N1 was a gift from Lei Lu [Addgene plasmid # 85759;
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http://n2t.net/addgene:85759; RRID:Addgene_85759]) or RPS12
(Myc-DDK carboxy-terminal tagged) Human Tagged ORF clone
(Origene RC214733). Cells were lysed 48 h post-transfection
and polysome fractionation and RNA isolation was performed
as described previously (Timpano and Uniacke 2016). Reverse
transcription was optimized for structured transcripts (Fig. 2A)
by incubating equal volumes of RNA with random primers for
5 min at 65°C, followed by incubation on ice before adding the
remaining kit components (Applied Biosystem High Capacity
cDNA). End-point PCR was performed and band intensity was
measured using Image Lab (BioRad), and the % mRNA was cal-
culated for each fraction on the gradient out of the total band in-
tensity from all fractions (Figs. 2A, 5A). For total mRNA abundance
measurements on whole cell lysates (Figs. 2B, 6B), cells were
lysed using RiboZol (VWR) according to the manufacturer’s proto-
col. Reverse transcription of 2 µg of RNA was performed as per
manufacturer’s instructions (Applied Biosystem High Capacity
cDNA). Quantitative PCR was performed using SsoAdvanced
Universal SYBR Green Supermix (BioRad). See Supplemental
Table S1 for primer sequences.

RNA isolation for ASPCR

Cells were lysed using RiboZol (VWR) according to the manu-
facturer’s protocol. RNA was purified using PureLink RNA Mini
Kit (Life Technologies) with on-column DNase I treatment
(BioBasic). RNA integrity confirmed using Agilent Bioanalyzer pri-
or to reverse transcription. ASPCR was performed as described
previously to quantify 68 ASEs within RP mRNAs (Klinck et al.
2008). Briefly, end-point PCR using primers flanking splicing
events (see Supplemental Table S1 for primer sequences) was fol-
lowed by capillary electrophoresis to separate and quantify ampli-
cons. Using the most predominant splicing event, the PSI was
calculated as the ratio of long amplicon over the sum of short
and long amplicons. Splicing of RPS24 in prostate tumors was
measured usingOrigene TissueScan prostate tumor cDNApanels
II and III (normalized to β-Actin) and theCt value ofCAIXwas used
to measure the degree of hypoxia.

Western blotting

Standard western blotting procedure was used. Primary anti-
bodies (all antibodies diluted at 1/1000, except for β-Actin at
1/20,000): anti-FLAG (F1804; Sigma), anti-β-Actin (GT5512;
GeneTex), anti-RPS24 (A303-842A; Bethyl), anti-RPS12
(ab175219; Abcam), anti-RPL5 (ab137617; Abcam), anti-p53 (sc-
126; Santa Cruz), and anti-c-Myc (sc-40, Santa Cruz). Secondary
antibodies diluted at 1/5000 were HRP-conjugated anti-rabbit
and anti-mouse (Promega). Densitometry was performed using
Image Lab (BioRad).

Generation of stable FLAG-RPS24 cell lines

PCR-based cloning was used to insert the coding sequence of the
RPS24 short or long variant into p3XFLAG-CMV-10puroE- with
amino-terminal tag. Stable cell lines were generated in U87MG
by transfection with Lipofectamine 2000 (Invitrogen) and selec-
tion in 1 µg/mL puromycin to generate stable single clones.

Statistical analyses

All statistical analyses were performed using GraphPad Prism 7.0.
Experimental data were tested using unpaired two-tailed
Student’s t-test when only two means were compared, or a one-
way ANOVA followed by Tukey’s HSD test when three or more
means were compared. P<0.05 was considered statistically sig-
nificant. Prostate tumor samples were analyzed by correlating
CAIX Ct value with PSI using Spearman’s correlation coefficient.
Tumor stage and PSI were compared using Kruskal–Wallis test
(one-way ANOVA) followed by Dunn’s multiple comparisons test.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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