Metabolic labeling of RNA uncovers the contribution
of transcription and decay rates on hypoxia-induced
changes in RNA levels
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ABSTRACT

Cells adapt to environmental changes, including fluctuations in oxygen levels, through the induction of specific gene ex-
pression programs. However, most transcriptomic studies do not distinguish the relative contribution of transcription, RNA
processing, and RNA degradation processes to cellular homeostasis. Here we used metabolic labeling followed by massive
parallel sequencing of newly transcribed and preexisting RNA fractions to simultaneously analyze RNA synthesis and decay
in primary endothelial cells exposed to low oxygen tension. We found that changes in transcription rates induced by hyp-
oxia are the major determinant of changes in RNA levels. However, degradation rates also had a significant contribution,
accounting for 24% of the observed variability in total mRNA. In addition, our results indicated that hypoxia led to a reduc-
tion of the overall mRNA stability from a median half-life in normoxia of 8.7 h, to 5.7 h in hypoxia. Analysis of RNA content
per cell confirmed a decrease of both mRNA and total RNA in hypoxic samples and that this effect is dependent on the
EGLN/HIF/TSC2 axis. This effect could potentially contribute to fundamental global responses such as inhibition of trans-
lation in hypoxia. In summary, our study provides a quantitative analysis of the contribution of RNA synthesis and stability
to the transcriptional response to hypoxia and uncovers an unexpected effect on the latter.
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INTRODUCTION example of how gene expression shapes cell physiology to
cope with environmental fluctuations. The hypoxia induc-
ible factors (HIFs) are transcription factors that play a funda-
mental role in this response. HIF is a heterodimeric
transcription factor conserved in all metazoans (lyer et al.
1998) that is composed of an oxygen-regulated alpha sub-
unit (HIFe) and a constitutive expressed beta subunit (HIFp)
also known as aryl hydrocarbon receptor nuclear transloca-
tor (ARNT). There are three genes encoding HIFa subunits:
HIF1A, EPAS1 (also known as HIF2A), and HIF3A. All these
proteins belong to the PER-ARNT-SIM (PAS) subfamily of
the basic helix-loop-helix (bHLH) family of transcription

Eukaryotic cells show a remarkable regulatory flexibility
that allows them to adjust to a constantly varying environ-
ment. Modulation of gene expression, consequence of
changes at the transcriptional and post-transcriptional lev-
els, plays a central role in the adaptation to environmental
changes and stresses. However, quantitative information
about the relative contribution of transcription to the
changes in gene expression in response to specific signals
is still scarce.

The response to hypoxia, defined as the situation where
oxygen consumption exceeds its supply, is a paradigmatic
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RNA decay is induced by hypoxia

factors and they have a similar domain organization. HIFa
and HIF subunits share an amino terminus bHLH domain
that mediates the DNA binding and a central region or
PAS domain that facilitates the heterodimerization (Jiang
etal. 1997). Only the o subunits contain an oxygen depen-
dent degradation domain (ODD) with proline residues (Pro
402/Pro 564 in HIF1A, Pro 405/Pro 531 in EPAS1, and pro
492in HIF3A) that are essential for the oxygen-induced HIF
stabilization. Furthermore, HIF1A and EPAS1 present two
transactivation domains NTAD and CTAD that can bind
transcriptional coregulators such as CBP/p300 and the cy-
clin dependent kinase 8 (CDK8) (Arany et al. 1996; Kasper
et al. 2005; Galbraith et al. 2013; Choudhry et al. 2014;
Dengler et al. 2014). The regulation of HIFa stability is me-
diated by a family of enzymes called EGL-nine homologs
(EGLNSs) that, in normoxic conditions, use molecular oxy-
gen to hydroxylate specific proline residues in HIFa. The
hydroxylation in one of these residues is sufficient for the
recognition of HIFa by the von Hippel-Lindau tumor sup-
pressor protein (pVHL) thatis the substrate recognition sub-
unit of an E3-ubiquitin ligase complex. Thus, pVHL binding
leads to HIFa ubiquitination, targeting it for degradation
via proteasome (Maxwell etal. 1999; Ivan et al. 2001; Jaak-
kola etal. 2001). In hypoxic conditions, HIF is stabilized and
binds the RCGTG motif present in the regulatory regions of
its targets genes and interacts with the transcriptional ma-
chinery to regulate their transcription.

The global gene expression pattern induced by hypoxia
has been widely studied (Hu et al. 2003; Scheurer et al.
2004; Elvidge et al. 2006; Warnecke et al. 2008; Xia and
Kung 2009; Mimura et al. 2012; Weigand et al. 2012;
Salama et al. 2015; Galbraith et al. 2017; Chen et al.
2018; Moreau et al. 2018; Chakraborty et al. 2019,
Smythies et al. 2019). However, these studies relied on
RNA-seq and microarrays that detect mRNA steady state
levels and therefore cannot distinguish between regulation
of transcription and other mechanisms of post-transcrip-
tional regulation. In this regard, apart from transcription,
other processes such as RNA maturation and decay are un-
der an exhaustive control and contribute to changes in
gene expression. The relative importance of each process
to determine the steady state expression levels of proteins
hasbeen studied in afew cellular systems, including the de-
termination of basal levels of expression in fibroblasts
(Schwanhausser et al. 2011) and the response of dendritic
cellsto lipopolysaccharide (Rabani etal. 2011). The conclu-
sion of these and related studies is that transcription rate
explains most of the observed variability in gene expres-
sion (Rabani et al. 2011; Schwanhausser et al. 2011, 2013;
Li et al. 2014). However, the generality of this conclusion
and more specifically, to which extent the transcriptional
changes mediated by HIF affect MRNA expression changes
observed under hypoxia, is unknown. In this regard, it has
been demonstrated that in addition to transcription, regu-
lation of half-life of certain mMRNAs has fundamental roles in

hypoxia. Forinstance, the mRNA level of vascular endothe-
lial growth factor A (VEGFA), a potent angiogenic factor, is
regulated by hypoxia through both HIF-mediated tran-
scriptional up-regulation, as well as HIF-independent
post-transcriptional regulation. VEGFA mRNA is an unsta-
ble transcript with a short half-life (60-180 min) in normoxia.
However, under hypoxia VEGFA mRNA is stabilized by the
binding of different RNA-binding proteins, such as HuR or
hRNP-L, to AU-rich elements (AREs) present in its 3'-UTR
(Levy et al. 1996, 1998; Shih and Claffey 1999; Goldberg-
Cohen et al. 2002). Other examples of transcripts whose
half-lives are regulated by hypoxia through AREs include
erythropoietin (EPO) (Goldberg et al. 1991; Rondon et al.
1991; Ho et al. 1995) and tyrosine hydroxylase (TH)
mMRNAs (Czyzyk-Krzeska et al. 1994). In addition, hypoxia
has an important role in the regulation of miRNAs
(Voellenkle et al. 2012; Nallamshetty et al. 2013; Camps
etal. 2014), which in turn regulate mRNA stability and trans-
lation. Altogether, these results suggest a pervasive effect
of hypoxia on mRNA stability, therefore, a global study of
how hypoxia modulate mRNA half-life is needed to fully un-
derstand how cells adapt to low oxygen situations.

Herein, we determined the relative contribution of RNA
transcription and stability to gene expression changes in-
duced by hypoxia in primary human endothelial cells (hu-
man umbilical vein endothelial cells, HUVEC) that are
central actors in the induction of angiogenesis, a key adap-
tation response to hypoxia. Our results show that de novo
transcription explains 72% of gene expression changes ob-
served upon exposure to low oxygen conditions, while half-
life regulation underlies most of the remaining variability
(24%). In addition, we found that the EGLN/HIF/TSC2
axis increases global RNA decay rates, leading to a 30% re-
duction of cellularmRNA as well as rRNA content. Thus, our
work reveals an unexpected role of hypoxia on global RNA
stability and provides quantitative data to understand the
effect of hypoxia on gene expression.

RESULTS

Transcription rate is the major determinant
of hypoxic mRNA levels

The transcriptional response to hypoxia has been studied
in many different model systems at the genome scale (Hu
et al. 2003; Scheurer et al. 2004; Elvidge et al. 2006;
Warnecke et al. 2008; Xia and Kung 2009; Mimura et al.
2012; Weigand et al. 2012; Salama et al. 2015; Galbraith
et al. 2017; Chen et al. 2018; Moreau et al. 2018;
Chakraborty et al. 2019; Smythies et al. 2019). However,
in all these works mRNA levels were determined by means
of RNA-sequencing or microarrays and hence they could
only assess the effect of hypoxia on steady state mRNA lev-
els, which are determined by the combination of the rela-
tive rates of transcription and decay. Aiming to determine
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the contribution of these two processes in the response to
hypoxia, we pulse-treated HUVEC for 2 h with 4-thiouridine
(4sU) to label nascent RNA and then characterized the pat-
tern of newly transcribed mRNAs by affinity capture of the
labeled transcripts followed by high-throughput sequenc-
ing (Fig. 1A). Incorporation of 4sU into mRNA after a short
pulse can be used as a proxy for transcription rate and
comparison of changes in this nascent fraction to those in
total mRNA levels allows quantification of the role of
mRNA stability on gene expression (Dolken et al. 2008;
Schwanhausser et al. 2011). Hence, to determine the con-
tribution of transcription to gene expression, we compared
expression changes induced by hypoxia in the total mRNA
fraction to those observed in the newly synthesized frac-
tions (Fig. 1A). As shown in Figure 1B, taking a relatively re-
laxed threshold of FDR < 0.05, only about one third of the
genes found differentially expressed in the total mRNA-

21% or 1% O, for 8h
400uM 4sU last2h 5

R

HUVEC cells RNA
isolation
5\/\ 'L)
b&ﬁk RNA
fractionation
Total mRNA
N "(,)
o3 | s
Pre-existing mRNA Newly Tr mRNA

\
RNA-Seq

Pre-existing | Total mRNA | Newly Tr
mRBNA counts] counts mRNA counts
L Steady state | Transcription
Half Llfe mRNA Ievel

fraction showed altered transcription (27% and 35% of
the down- and up-regulated genes, respectively). Howev-
er, this percentage gradually increased up to ~70% in
both fractions when, in addition to the FDR, we used in-
creasingly restrictive fold-change thresholds to consider
genes as differentially expressed in hypoxia (Fig. 1C). This
result suggests that transcription is mostly responsible for
large expression changes in the total mRNA fraction,
whereas changes of small magnitude are likely due to var-
iations of MRNA half-lives. In addition, we observed a sig-
nificant positive linear correlation between changes in
gene expression observed in total and newly transcribed
mRNA fractions (Fig. 1D). By focusing on genes whose ex-
pression was significantly altered by hypoxia (FDR <0.01)
in either total or newly transcribed mRNA fractions, we
found that the transcriptional component (changes in new-
ly synthesized mRNA) accounted for 72% of the observed
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FIGURE 1. Hypoxia-induced changes in gene expression are predominantly controlled at the level of transcription. (A) Schematic diagram de-
picting the experimental procedure and the information provided by each RNA fraction. (B) Venn diagrams showing the overlap between the
genes found differentially overexpressed (FDR < 0.05) in the total (Total Up) and newly transcribed (Newly Up) fractions and the differentially
down-regulated (FDR < 0.05) in the total (Total Down) and newly transcribed (Newly Down) fractions. (C) The graph represents the proportion
of genes in the total mRNA fraction that were also differentially expressed in the newly transcribed fraction for: all regulated genes (black
line), significantly down-regulated genes (purple line), and significantly up-regulated genes (orange line). Genes were considered differentially
expressed if, in addition to being significantly regulated (FDR < 0.05), showed an absolute value of induction above the indicated threshold of
logFc (x-axis). The magnitude of change induced by hypoxia was calculated for each gene as the absolute value of the logarithm of the ratio
of the expression level in normoxia over hypoxia (logFc). (D) The magnitude of change (log,-fold change, logFc) induced by hypoxia in 4sU-la-
beled genes (“"Newly tr mRNA") was represented against the changes in the total mRNA fraction (“Total mRNA"). Genes significantly (FDR < 0.01)
regulated by hypoxia in either fraction are labeled in green. Regression analysis of significantly regulated genes showed that total mRNA level
increased significantly with transcription (Fy; 2225 = 5756, P-value <<0.01).
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variability in total mRNA (regression analysis, F1 2225 =
5756, P< 107", R?55,5 =0.7212). In sum, these results sug-
gest that transcriptional mechanisms largely determine
gene expression changes in hypoxia.

RNA stability is significantly affected by hypoxia

In spite of the major role of transcription, this process can-
not explain around 28% of the variability in total mRNA
levels. To further explore the contribution of nontranscrip-
tional processes, we investigated the effect of hypoxia
on mRNA half-lives by sequencing newly synthesized
mMRNA (4sU-labeled) in parallel with preexisting (nonla-
beled) and total mMRNA factions from the same RNA sample
(Fig. 1A). This analysis allowed us to determine individual
mRNA half-lives under normoxia and hypoxia (Supplemen-
tal Table S1; Dolken etal. 2008; Schwanhausseretal. 2011).
First of all, we compared the half-lives values obtained in
our analysis with the half-lives values determined for
mouse-fibroblasts (NIH3T3) by the same technique in two
independent works (Dolken et al. 2008; Schwanhausser
etal. 2011). We found that the distribution of the half-lives
of normoxic and hypoxic HUVEC mRNAs (median half-life
of 8.7 and 5, 7 h, respectively) fell between the range of
the mRNA half-lives determined by Dolken et al. and
Schwanhausser et al. (median half-life of 5 and 9 h, respec-
tively), suggesting that our HUVEC determinations were
comparable in magnitude to those reported for mouse fi-
broblasts (Fig. 2A). In addition, half-life of selected mRNAs
were determined by measuring mRNA stability after inhibi-
tion of transcription by actinomycin D. For this analysis,
mRNAs were selected according to the 4sU half-life deter-
minations to include a wide representation of short-lived
and medium-lived mRNAs (Supplemental Tables S1, S2).
The mRNA half-life values estimated by this method were
in good agreement with the values derived from the 4sU
experiment (Fig. 2B; Pearson’s Ryg = 0.65, P<0.001, linear
regression R?=0.77). Therefore, our determinations based
on sequencing of the distinct mRNA fractions allowed for
an accurate determination of mMRNA half-lives. Next, we in-
vestigated whether hypoxia-induced changes on mRNA
stability could account for the remaining variability in total
mRNA levels that are not explained by transcription. A lin-
ear regression model including mRNA half-lives as an addi-
tional explanatory variable accounted for up to 96% of
changes in total mMRNA induced by hypoxia (multiple linear
regression analysis, Fiz 1g51)=26110, P<0.0001, adjusted
R?1g51 =0.9658). Thus, changes in mRNA half-life explain
an additional 24% of the observed effects on gene expres-
sion and both variables, transcription and stability, jointly
explain most of the variability in mRNA levels (Supplemen-
tal Movie S1).

In spite of its relatively minor role in the gene expression
changes induced by hypoxia, the analysis of the effects of
hypoxia on mRNA half-life revealed a modest but signifi-

cant (P<0.01 paired t-test) reduction of the overall
mRNA stability, from a median half-life in normoxia of
8.7 h to a median half-life in hypoxia of 5.7 h (Fig. 2A,C).
We confirmed this result by estimation of individual
mRNA levels over time upon inhibition of transcription
with actinomycin D under normoxia or hypoxia (Fig. 2D).
For these analyses we selected a set of mRNAs whose
changes in stability in response to hypoxia, according to
half-lives determined in our 4sU analysis (Supplemental
Tables S1, S2), varied in magnitude. This selection includ-
ed those genes represented in Figure 2B. Although
the vast majority of mRNAs showed reduced half-life
under hypoxia, our analysis also identified a few transcripts
that were stabilized. Notably, among the latter was
VEGFA, a transcript known to be stabilized in hypoxia
(Levy et al. 1996, 1998; Levy 1998; Shih and Claffey
1999; Goldberg-Cohen et al. 2002). The pervasive effect
on mRNA decay rates, suggested a general mechanism
of RNA degradation rather than a sequence-specific mech-
anism such as those mediated by miRNAs. Therefore, we
explored if the effect of hypoxia on mRNA decay rates
was also observed in unfractionated RNA; most of which
consists in rRNA. With this objective, we pulse-labeled
HUVEC cells with tritiated uridine and determined the de-
cay of radioactive label in total RNA. As shown in Figure
2E, the remaining radioactivity on total RNA after 16 h of
culture was higher in normoxia than in hypoxia, suggesting
increased rRNA decay rates in hypoxia. Thus, hypoxia in-
duces a global decay in RNA, rather than a specific effect
on protein coding genes.

In addition to increased decay, a general reduction on
transcription rates could also potentially contribute to de-
creased RNA levels in hypoxic cells. However, we did not
observe a decrease in 4sU incorporation in HUVEC cells
exposed to 1% oxygen for 8 h compared to normoxic con-
trols (Fig. 2F). In fact, mRNA synthesis was slightly in-
creased in hypoxia, suggesting very similar global
transcription rates in both situations. In agreement, deter-
mination of the quantity of the 47S precursor ribosomal
RNA (pre-RNA) after 16 h of hypoxic exposure, which cor-
relates with the rate of rRNA transcription (Cui and Tseng
2004), did not show significant differences between nor-
moxia and hypoxia (Fig. 2G).

In summary, these results suggest that hypoxia results in
modest increase of mMRNA and rRNA degradation and, al-
though no global changes in transcription are detected
(Fig. 2F,G), changes in transcription of specific mRNAs
largely contributes to the observed changes in mRNA ex-
pression during hypoxia (Fig. 1D).

Hypoxia-induced RNA decay is HIF-dependent

The HIF axis is the best characterized signaling pathway in
the response to hypoxia. Thus, as a first attempt to explore
the molecular mechanism by which RNA degradation was
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FIGURE 2. Decrease of mRNA and total RNA half-lives under hypoxic conditions. (A) Distribution of mRNA half-lives, determined by 4sU pulse-
labeling as indicated in Materials and Methods, in normoxic (blue) and hypoxic (red) HUVEC. The values published in Dolken et al. (2008) (Dolken,
dotted line) and (Schwanhausser et al. 2011) (Schw, black line) are overlapped for comparison. (B) Comparison of individual half-life values ob-
tained by the high-resolution gene expression profiling experiment and the data derived from the determination of mRNA half-life upon inhibition
of RNA-pol with actinomycin D. (F1 49 = 168, P<0.001, linear regression R* =0.77) (C) Distribution of changes in decay rates induced by hypoxia,
as determined in the high-resolution profiling experiments, represented as the logarithm of the ratio of the half-life in hypoxia over normoxia. (D)
The graph represents the half-life of individual genes, calculated upon inhibition of RNA-pol with actinomycin D, in HUVEC cells in normoxia ver-
sus hypoxia as log, of the ratio. Each dot represents the mean of three independent experiments. The red dot represents VEGFA. (E) Pulse-la-
beling of total RNA determined in HUVEC. The graph represents the logarithm of the ratio of the hypoxic (16 h) remaining radioactivity normalized
by normoxic values. The comparison of the observed ratios was significantly higher than expected from a sample with a mean log,-ratio of O (sin-
gle sample Student’s t-test, P-value = 0.0122). (F) The amount of mRNA in the newly synthesized mRNA fraction (4sU-labeled) from the experi-
ment described in Figure 1A was determined by spectrophotometry and represented as the log, of the ratio of the values obtained in hypoxia
over normoxia. Each point represents data from an independent experiment. The comparison of the observed ratios was significantly higher than
expected from a sample with a mean log,-ratio of O (single sample Student'’s t-test, P-value = 0.049). (G) 47S rRNA precursor levels were deter-
mined by RT-gPCR in cells exposed overnight to normoxia or hypoxia and values normalized to 28S rRNA content. Each dot represents the ratio
hypoxia over normoxia in an independent experiment. The observed ratios were not significantly different to the expected value of O (single sam-
ple Student’s t-test, P=0.8185).

increased in hypoxia, we investigated the effect of EGLN
inhibitor Dimethyloxalylglycine (DMOG) on total RNA

induction of the HIF target EGLN3 (Fig. 3B,C).
Additionally, we performed an ARNT western blot to con-

mass. The EGLN family of enzymes acts as cellular oxygen
sensors and functions as the most apical elements of the
HIF axis suppressing its activity in the presence of oxygen,
thus DMOG prevents HIFa degradation in normoxia. As is
shown in Figure 3A, mRNA content was reduced in hypox-
ic conditions as well as in DMOG-treated cells compared
with normoxia. Since HIF is the major target of EGLNs
and a key player in the response to hypoxia, we next exam-
ined its involvement in this process by silencing the consti-
tutive ARNT subunit. ARNT knockdown resulted in 36%-
15% of control ARNT expression values and blocked the
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firm ARNT silencing (Fig. 3D). Importantly, ARNT knock-
down significantly attenuated the RNA decay promoted
by hypoxia (Fig. 3E), suggesting that HIF activity is neces-
sary in this process. To further address the involvement of
HIFs, we silenced HIFTA or EPAST expression to 30%-35%
and 30%-15% of their control levels, respectively (Fig. 3F-
H). Then, silenced and control HUVEC were pulse-labeled
with tritiated uridine and exposed to normoxia or hypoxia
for 16 h. After measuring the radioactivity present in total
RNA, we observed that silencing of HIF1A or EPAS1 par-
tially prevent RNA decay (Fig. 3I).
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To analyze if HIF stabilization was sufficient to promote
RNA degradation, we infected HUVEC with lentiviral vec-
tors that overexpressed constitutively active forms of
EPAS1 (EPASPP) or HIF1A (HIFPP) that had their oxygen-
sensitive prolines residues substituted by alanine to pre-
vent hydroxylation, rendering these isoforms constitutively
active even in normoxia (Kondo et al. 2002). Additionally,
we included mutant versions of these constructs whose
bHLH motif was altered to prevent their capacity to bind
DNA (EPASPPBH, HIFPPBH) (Kondo et al. 2002). As ex-
pected, the expression of EPASPP in normoxia resulted
in a strong induction of ADM mRNA, a EPAS1-target
gene, whereas the expression of EPASPPBH had no effect

(Fig. 3J,K). Similarly, the HIF1A-target BNIP3 was strongly
induced by overexpression of HIF1PP with intact bHLH
domain (Fig. 3L,M). We also analyzed by western blot
the HIFPP/HIFPPBH and EPASPP/EPASPPBH overexpres-
sion (Fig. 3N). As is shown in Figure 30,P, transduction
of the constitutively active forms of both EPAST and
HIF1A decreased RNA content per cell in normoxia. In
contrast, the overexpression of the mutants lacking a func-
tional DNA binding motif did not reduce RNA content.
Therefore, these results suggest that HIF transcriptional ac-
tivity is necessary and sufficient to induce RNA decay.
Furthermore, the dependency on an intact bHLH domain
suggested that the increased decay rate might be

FIGURE 3. Hypoxia-induced mRNA decay is HIF-dependent. (A) mRNA content per cell from cells grown for 16 h in normoxia, hypoxia (Hyp) or
DMOG (DMOG). Each dot represents the ratio of mRNA levels in hypoxia or DMOG over normoxia in an independent experiment. The observed
ratios were significantly lower than expected from a sample with a mean ratio of 1 (single sample Student's t-test, P-value =0.033 and P-value =
0.041, respectively). (B) ARNT mRNA levels in HUVEC cells transduced with lentiviral particles expressing a shRNA to silence ARNT expression
versus control (NS). The ARNT expression was on average 21% and 25% of that in control cells in normoxia and hypoxia, respectively, and signifi-
cantly different to the expected value of 1 (single sample Student’s t-test, P=0.006 and P=0.007 for cells under normoxia and hypoxia, respec-
tively). (C) EGLN3 mRNA levels in HUVEC cells transduced with lentiviral particles expressing a shRNA to silence ARNT expression versus control
(NS). The effect of hypoxia on EGLN3 induction was significantly attenuated in ARNT knockdown cells (P-value = 0.017; paired Student's t-test). (D)
HUVEC cells transduced with lentiviral particles expressing a shRNA to silence ARNT (shARNT) or a control shRNA (NS) or mock infected (UT) were
exposed to normoxia (Nx) or hypoxia (Hyp) for 16 h. The level of ARNT protein and tubulin were determined by immunoblot. (E) Ratio of hypoxic
versus normoxic total RNA content per cell from control cells (NS) and cells whose ARNT expression was silenced (shARNT).Each dot represents a
determination from a single experiment and matched observations (derived from the same experiment) are represented joined by a line. The effect
of hypoxia on RNA level was significantly attenuated in ARNT knockdown cells (P-value = 0.014; paired Student's t-test). (F) EPAST mRNA levels in
HUVEC cells transduced with lentiviral particles expressing a shRNA to silence EPAST expression versus control (NS). EPAST expression was on
average 30% and 15% of that in control cells in normoxia and hypoxia, respectively, and significantly different to the expected value of 1 (single
sample Student's t-test, P=0.0021 and P=0.0002 for cells under normoxia and hypoxia, respectively). (G) HIFTA mRNA levels in HUVEC cells
transduced with lentiviral particles expressing a shRNA to silence HIF1A expression versus control (NS). HIF1A expression was on average 30%
and 35% of that in control cells in normoxia and hypoxia, respectively and significantly different to the expected value of 1 (single sample
Student's t-test, P=0.0009 and P=0.0002 for cells under normoxia and hypoxia, respectively). (H) HUVEC cells transduced with lentiviral particles
expressing a shRNA to silence HIF1A (shHIF1A), EPAST (shEPAS1) or a control shRNA (NS) or mock infected (UT) were exposed to normoxia (Nx) or
hypoxia (Hyp) for 16 h. The levels of HIF1A, EPAS1 and B-actin were determined by immunoblot. (/) Pulse-labeling of total RNA determined in con-
trol HUVEC cells (NS) and cells whose HIF1A or EPAST expression was silenced (shHIF1A and shEPAS1). The graph represents the logarithm of the
ratio of the hypoxic (16 h) remaining radioactivity normalized by normoxic values. Each dot represents a determination from a single experiment.
The effect of hypoxia on RNA level showed clear tendency to be attenuated in shHIF1A and shEPAS1 but did not reach statistical significance
(shHIF1A P=0.14; paired Student's t-test; shEPAS1 P=0.08; paired Student's t-test). (J) EPAST mRNA levels of HUVEC cells transduced with a
constitutively stable form of EPAS1 (EPASPP) or a stable but transcriptionally inactive form (EPASPPBH) compared with the control (PRRL). The ex-
pression of mutant forms of EPAST was similar (P=0.43, paired Student's t-test). (K) ADM mRNA levels of HUVEC cells transduced with a consti-
tutively stable form of EPAS1T (EPASPP) or a stable but transcriptionally inactive form (EPASPPBH) compared with the control (PRRL). The effect of
EPASPP on ADM expression was significantly higher than that of EPASPPBH (P =0.023, paired Student's t-test). (L) HIFTA mRNA levels of HUVEC
cells transduced with a constitutively stable form of HIF1A (HIFPP) or a stable but transcriptionally inactive form (HIFPPBH) compared with the con-
trol (PRRL). The expression of HIFPPBH was higher than that of HIFPP but the difference did not reached statistical significance (P = 0.34, paired
Student's t-test). (M) BNIP3mRNA levels of HUVEC cells transduced with a constitutively stable form of HIF1A (HIFPP) or a stable but transcription-
ally inactive form (HIFPPBH) compared with the control (PRRL). The effect of HIFPP on BNIP3 expression was higher than that of HIFPPBH, but the
difference did not reached statistical significance (P=0.079, paired Student's t-test). (N) Western blot to determine the overexpression of the
HIFPP, HIFPPBH, EPASPP, EPASPP, or empty vector (PRRL) in samples in normoxia (Nx) or hypoxia (Hyp) for 16 h. (O,P) Ratio of hypoxic versus
normoxic total RNA content per cell in HUVEC cells overexpressing a constitutively active EPAST (EPASPP) or HIF1A (HIFPP) and a constitutively
active EPAST or HIF1A whose bHLH motive has been mutated (EPASPPBH, HIFPPBH). Each dot represents a determination from a single exper-
iment and matched observations (derived from the same experiment) are represented joined by a line. The expression of EPASPP resulted in RNA
level significantly reduced as compared to control cells, (P-value =0.025, single sample Student's t-test) and the effect of each EPAST mutant on
RNA level was significantly different (P-value = 0.025, paired Student's t-test). The expression of HIFPP resulted in RNA level reduced as compared
to control cells, but did not reach statistical significance (P-value = 0.08, single sample Student’s t-test) and the effect of each HIF mutant on RNA
level was not significantly different (P-value =0.23, paired Student’s t-test). (Q) Ratio of remaining radioactivity present in hypoxic samples over
normoxia in untreated cells (UT) and cells treated with actinomycin D (ACTD), cycloheximide (CHX) or puromycin (PURO) after pulse-labeling
with tritiated uridine. Each dot represents a determination from a single experiment. A single factor ANOVA showed a significant difference among
the four treatment groups UT, ACTD, CHX, and PURO (F3 g)=8.487, P-value =0.007) and a posteriori Tukey test showed that all drug treatment
means were significantly different than the control mean (P-value =0.006, P-value =0.022, and P-value =0.047 for ACTD, CHX, and PURO,
respectively).
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mediated by a HIF-target(s). To test this possibility, HUVEC
cells were pulsed during 2 h with tritiated uridine, and then
treated with actinomycin (ACTD), cycloheximide (CHX) or
puromycin (PURO) and exposed to hypoxia or normoxia
for 8 additional hours. After these treatments, RNA was pu-
rified from samples and the remaining radioactivity was
quantified by scintillation counting. As is shown in Figure
3Q, inhibition of transcription with actinomycin D or inhibi-
tion of translation with cycloheximide or puromycin
completely blocked RNA degradation in hypoxia. All these
results suggest that a HIF target(s), whose transcription is
induced by hypoxia, is responsible for the increased
RNA decay rates.

Inactivation of mTOR through TSC2 induces RNA
decay in hypoxia

It is well established that during hypoxia, the oxygen-
deprived cells diminish protein synthesis through the inhi-
bition of multiple key regulators of translation, including
elF2a and the mammalian target of rapamycin (mTOR),
in an attempt to save energy (Liu et al. 2006; Wouters
and Koritzinsky 2008). In addition, RNA stability is intimate-
ly coupled to translation (Garneau et al. 2007), therefore, it
could be possible that the decreased RNA half-life ob-
served in hypoxia was a consequence of blunted transla-
tion. To test this possibility, we first determined the
effect of hypoxia on translation in HUVEC. To that end,
we used the Click-iT Plus OPP Alexa Fluor 647 Protein
Synthesis Assay Kit to detect protein synthesis in normoxic,
DMOG-treated cells and cycloheximide-treated control
cells. As is shown in Figure 4A, DMOG induces a signifi-
cant decrease in the protein translational rates compared
with normoxic cells. The effect of hypoxia and DMOG on
protein synthesis was independently confirmed using met-
abolic pulse-labeling with 35S-Methionine (Fig. 4G).
However, while silencing of ARNT prevented RNA decay
(Fig. 3E), it had no effect on the inhibition of protein synthe-
sis induced by DMOG (Fig. 4B,C), suggesting that RNA de-
cay is not a mere consequence of blunted translation.

It has been described that hypoxia triggers HIF-depen-
dent and independent mechanisms to suppress transla-
tion. Thus, some of the HIF-dependent pathways could
be coupled to RNA degradation. One of the former mech-
anisms involves the TSC2-dependent inactivation of
mTOR by the HIF-target REDD1, resulting in the inhibition
of the cap-dependent translation (Brugarolas et al. 2004;
Wouters and Koritzinsky 2008). In agreement, we ob-
served decreased phosphorylation of the ribosomal pro-
tein Sé (rpSé), a direct target of the kinase mTOR, upon
treatment with hypoxia (Fig. 4D) or DMOG (Fig. 4E).
Accordingly, interference of EPAST prevented the sup-
pression of mTOR activity by hypoxia in HUVEC (Fig. 4F).
Thus, we next tested the effect of knocking down TSC2 ex-
pression on protein synthesis and RNA stability. Hypoxia

still repressed protein synthesis in TSC2 silenced cells
(Fig. 4G), in spite of efficient reduction of TSC2 expression
to 11%—7% of the control levels (Fig. 4H). Despite its lack of
effect on translation, silencing of TSC2 significantly pre-
vented RNA decay induced by hypoxia (Fig. 4l).
Altogether, these results suggest that pathway EGLN/
HIF/TSC2 regulates RNA stability independently of its ef-
fect on protein synthesis.

DISCUSSION

In the present work, we aimed to achieve a comprehensive
and quantitative understanding of the gene expression
changes that occur under adaptation of primary endothe-
lial cells to hypoxic conditions. Previous studies focused on
the analysis of the steady state mRNA levels, which are dic-
tated by transcription and decay rates. Thus, we used a
metabolic-labeling strategy to study the relative contribu-
tion of these processes on mRNA levels in response to hy-
poxia. In agreement with previous results on general
mRNA regulation (Dolken et al. 2008; Rabani et al. 2011;
Schwanhausser et al. 2011), we found that, although the
relative contribution of transcription and decay rates is dif-
ferent for each individual gene, on average, transcription
plays a dominant role on the changes induced by hypoxia
in total mRNA fraction (Fig. 1D). Specifically, hypoxia-in-
duced changes in transcription rates explain up to 72%
of the variability in total mRNA levels. Moreover, the frac-
tion of differentially expressed genes shared by the total
and newly transcribed fractions gradually decreases with
more lenient thresholds of fold-change (Fig. 1C). This re-
sult suggests that transcription is mostly responsible for
large expression changes in the total mRNA fraction,
whereas changes of small magnitude are mainly due to
variations of mRNA half-lives. Given the role of miRNAs
in fine-tuning expression levels at the post-transcriptional
level and the impact of hypoxia on the expression of
noncoding RNAs (Choudhry et al. 2014), it is tempting to
speculate that the effects of hypoxia on mRNA half-lives
could be mediated by miRNAs. Alternatively, this observa-
tion may indicate a higher false positive rate when calling
differentially expressed genes using lenient thresholds.
Finally, we also found genes whose changes in transcrip-
tion did not correlate with changes in the total RNA frac-
tion. One reason for this discrepancy is that the relative
long half-life of mMRNAs obscure the detection of changes
in transcription by the determination of total expression
levels.

Despite the major role of transcription, changes in half-
life also contribute to gene regulation by hypoxia.
According to our linear model, half-life explains nearly
24% of the variability on gene expression levels. To iden-
tify biological processes associated to genes whose
expression was preferentially modulated at the level
of transcription or stability, we applied gene set
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enrichment analysis (GSEA) to the list of genes expressed
in HUVEC sorted according to their hypoxia-induced
change in transcription or decay rates, respectively. We
found an enrichment in gene ontology (GO) terms related
to metabolism, in particular monosaccharide catabolism,
and to response to oxygen levels for genes whose tran-

scription was up-regulated in response to hypoxia.
However, we could not find any statistically significant
overrepresentation of GO-terms for decay-rate sorted
genes. In addition, GSEA did not find enrichment of tar-
gets of any specific miRNA in the sets of genes whose
half-life was decreased by hypoxia. This suggests that
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either mRNA decay is controlled by the combined effect of
the many independent miRNAs, that are induced by hyp-
oxia (Kulshreshtha et al. 2007; Camps et al. 2014) and the
effect of different RNA binding proteins, such as AUBPs, or
that it is not mediated by miRNAs. It is important to em-
phasize that the relative contribution of transcription and
stability to the hypoxia-induced changes in mRNA levels
vary for individual genes, 72% and 24% being the contri-
bution of these two processes on average. Moreover, the
increased expression of individual mRNAs can be the re-
sult of the coordinated effect of hypoxia on their transcrip-
tion and decay rates. This is exemplified by VEGFA, a
prototypical hypoxia-responsive gene, whose induction
involves up-regulation of transcription and decrease of de-
cay rate (Shima et al. 1995; Levy et al. 1996). Changes in
VEGFA mRNA stability allow for a fast response to hypoxia;
while transcriptional regulation contributes as a later
mechanism. On the other hand, the half-life of SLC23A2
(that encodes for the major transporter of ascorbate in en-
dothelial cells) is dramatically reduced under hypoxia from
7.6 to 3 h (Supplemental Table S1) in parallel with a reduc-
tion in its transcription. Interestingly, ascorbate has been
described to prevent HIF1A stabilization (Kuiper et al.
2010, 2014), thus the rapid mRNA destabilization of
SLC23A2 could facilitate HIF induction under hypoxia.

A potential caveat of our analyses is that our determina-
tions of transcription and decay rates derive from the same
4sU-data sets and thus both variables are not indepen-
dent, as formally required in multivariate linear regression.

Nonetheless, the concordance of half-live values derived
from the 4sU-labeling experiments and those derived
from an independent technique based on inhibition of
transcription with actinomycin D support the validity of
our half-life estimations.

In spite of the relatively minor role of mRNA decay on
regulation of gene repression, we found that hypoxia re-
sulted in modest (median reduction of 34%-36%) but sta-
tistically significant reduction of the overall mRNA stability
(Fig. 2A,C). This effect was confirmed by the determination
of MRNA decay rates upon transcription inhibition with ac-
tinomycin-D (Fig. 2D). We also found that, not only mRNA,
but rRNA content per cell was also decreased in hypoxia
(Fig. 2E). This result has an important implication, although
hypoxia induces the transcription of a large number of
miRNAs (Kulshreshtha et al. 2007; Camps et al. 2014),
the global effect on both mRNA and rRNA makes
miRNAs unlikely mediators of this process, and suggests
a general mechanism of RNA degradation rather than a se-
quence-specific mechanism such as those mediated by
miRNAs, in agreement with the result of GSEA mentioned
above. In search for a potential mechanism, we found that
EGLN/HIF1A-EPAS1 axis was involved in this effect (Fig.
3). Silencing of ARNT, HIF1A or EPAST prevented the
decrease in RNA content by hypoxia (Fig. 3E,l), while over-
expression of active forms of HIF1A and EPAS1 dramati-
cally decrease RNA content per cells (Fig. 30,P). Thus,
this group of experiments suggest that HIF is necessary
and sufficient to induce RNA decay in hypoxia. The fact

FIGURE 4. Inactivation of mTOR through TSC2 induces RNA decay in hypoxia. (A) Ratio of the integrated density of the 647 fluorescence divided
by the integrated density of the DAPI fluorescence determined by Click-iT Plus OPP Alexa Fluor 647 Protein Synthesis Assay Kit in HUVEC cells
grown 16 h with cycloheximide (CHX), DMOG (DMOG), or untreated (UT). The 647 fluorescence of CHX and DMOG treatment was significantly
lower than that of untreated cells (UT) (CHX P-value <0.0001, DMOG P-value <0.0001. Unpaired Student's t-test). The experiment was repeated
in duplicate, a representative experiment is shown. Each dot represents an individual cell. (B) Images of the fluorescence determined by Click-iT
Plus OPP Alexa Fluor 647 Protein Synthesis Assay Kit shown in Figure 4C. (C) Ratio of the integrated density of the 647 fluorescence divided by the
integrated density of the DAPI fluorescence determined by Click-iT Plus OPP Alexa Fluor 647 Protein Synthesis Assay Kit in HUVEC cells grown 16
h with cycloheximide (CHX), DMOG (DMOGQG), or untreated (UT). HUVEC cells transduced with lentiviral particles expressing a shRNA to silence
ARNT (shARNT) or control shRNA (NS). The 647 fluorescence of CHX and DMOG treatment was significantly lower than that of untreated cells (UT)
in both conditions: in shARNT cells and in control cells. ([****] Adjusted P-value <0.0001; [*] adjusted P-value = 0.0104, two-way ANOVA followed
by Tukey's multiple comparison test). Hypoxia did not have a different effect in cells whose ARNT expression was silenced, compared with the
control cells ([ns] adjusted P-value > 0.999; two-way ANOVA followed by Tukey’s multiple). Each dot represents an individual cell. The graph rep-
resents a representative experiment that was performed in duplicate. (D) HUVEC were exposed to hypoxia for the indicated periods of time and
the level of HIF1, EPAS1, phospho-56 Ribosomal Protein (rpSé), total rpSé and lamin B1 were determined by immunoblot. (E) HUVEC were treat-
ed with DMOG (DMOG) or vehicle (Nx) for 16 h and the levels of phospho-56 Ribosomal Protein (rpSé), total rpSé and lamin B1 were determined
by immunoblot. (F) HUVEC cells transduced with lentiviral particles expressing a shRNA to silence HIF1A (shHIF1a) or EPAST (shEPAS1) expres-
sion, a control shRNA (NS) or mock infected (UT) were exposed to normoxia (Nx) or hypoxia (Hyp) for 16 h. The level of HIF1, EPAS1, phospho-S6
Ribosomal Protein (rpSé), total rpSé, and lamin B1 were determined by immunoblot. (G) Ratio of the radioactivity incorporated into proteins pre-
cipitated with TCA over total label in cell extracts of hypoxic or DMOG-treated HUVEC cells compared with normoxic extracts. HUVEC cells were
transduced with lentiviral particles expressing a shRNA to silence TSC2 (shTSC2) or control shRNA (NS). Each dot represents a single experiment.
Silencing of TSC2 expression did not result in any statistical difference with the control cells (P-value =0.1632 and P-value = 0.44 for Hyp and
DMOG treated cells, respectively. Paired Student’s t-test). (H) TSC2 mRNA levels in HUVEC cells transduced with lentiviral particles expressing
a shRNA to silence TSC2 expression versus control (NS). TSC2 expression was on average 11% and 7% of that in control cells in normoxia and
hypoxia, respectively, and significantly different to the expected value of 1 (single sample Student's t-test, P<0.0001 for cells under normoxia
and hypoxia). (I) Pulse-labeling of total RNA determined in control HUVEC cells (NS) and cells whose TSC2 expression was silenced (shTSC2).
The graph represents the logarithm of the ratio of the hypoxic (16 h) remaining radioactivity normalized by normoxic values. Each dot represents
a determination from a single experiment. The effect of hypoxia on RNA is significantly reduced by silencing TSC2 expression (P-value = 0.0288;
paired Student’s t-test).
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TABLE 1. Primers used in this study

Application Name Forward primer Reverse primer
gPCR ACTB AAGGCCAACCGCGAGAAG ACAGCCTGGATAGCAACGTAC
gPCR EGLN3 ACACGAAGTGCAGCCCTCTT TCTTCAGCATCAAAGTACCAGACAGT
gPCR VEGFA CCTTGCTGCTCTACCTCCAC ATGATTCTGCCCTCCTCCTT
gPCR ZNF800 CACGCCGCAATGAAGAGC AAGGAGGATCTCCAGGTTCCA
gPCR ZNF281 ATGACCACCATGGCACTGAG TCTGGCTTTGGCCTTTTTGC
gPCR ZNF496 AGGAAGAGAATGTGCGGGAC CCCCGTAATCCTCCCCAATG
gPCR POLR3D CCCTCGGGGGAGTCAAGA TCTCTGTCCCTTTCACGCTTC
gPCR EHMT1 GGGAGCCTCAGCAGGATTG CTTCATCGGCAGCCATAGGT
gPCR TMEM167B CCGCCGCTATTACCACTGAA AGCCAGGTTTTGAGACGAGG
gPCR SCyL2 GGACACTACTCTAGGACCGGG TTCCAAGCTAGCCCATTGCC
gPCR EID2 TGCTCCCGGCAGAATACAAG CACCCTGTGAGGATTTCGCT
gPCR TERF2IP CGGATAGCGGGGAACCAC AATCAGGAGGGCTCTCATCCA
gPCR DCAF15 CCGCTACGTCCTCTCCTACA TCGTCCTGGAATAGCCGAAC
gPCR DCAF16 CTCTGAGAAGGGAGACGACG ACTTCAGAGGTGCTTGTTGGAA
gPCR MCM5 CACGTTGGATGCTGCCTTG CCGGGTATTTCTGCTTGGTG
gPCR ACE GTGTGGAACGAGTATGCCGA GGGTGTGGTTGGCTATTTGC
gPCR PPRC1 CAGTGGTTGGGGAAGTCGAA TTCCAGGTCCTTGTCCCTCA
gPCR MCM2 ATCTACGCCAAGGAGAGGGT GTAATGGGGATGCTGCCTGT
gPCR MCM3 AAAGACGGCAGACTCACAGG GGCGATTCATGCCGATTGAC
gPCR MCMé TCCAAGACCTGCCTACCAGA ACAAGCTCTGGGTGAACTGG
gPCR DKC1 CGCGGTGCAGGGTAACAT GGCAATGACTTCCGCTCCTTT
gPCR HMGCST1 GGCGTCCCACTCCAAATGAT GGTACTTTCTTGGCAGGGCT
gPCR NOP58 AAGCATGCAGCTTCTACCGT GGTTTTGGCTGCCAGCATTC
gPCR PGM1 AGCTATGAGAAGGACGTTGCC TGGAGGGACGTACCACATCA
gPCR DNAJB6 GGACGGGGTCGTTTTTCTCT GAGAATGAAGTGAGGCCCCC
gPCR HTATIP2 CCAAAGTCACGCTCATTGGC GTGGTACCCAGGCAACAGAA
gPCR SEMA6C AACCACGGATTGCGAACTCA GGGCTTGAGGGGGATAGGAA
gPCR TMEM44 TCCTTCGGCCTGTGGATCTG GGTCCTGTCTGGGTTTCTGT
gPCR ENO2 TGGCTTTGCCCCCAATATCC TCTTTTCCGTGTAGCCAGCC
gPCR KLF7 CAAATGCAACCACTGCGACA CATGGCAACTCTGGCCTTTC
gPCR NARF ATCTTCAGACATGCGGCCAA CAGCAAAGCGTAACACCACC
gPCR P4HA2 TGGTACAACCTCTTGCGGAG TTGACATGGGCTGAAGGACC
gPCR CACNB3 CTAGTGAAAGAGGGCGGGGA CCGCCTGCTTTTGCTTCTG
gPCR DLG4 AGCAGGAGTTCACAGAGTGC CTCGATGACACGCTTCACCT
gPCR ZNF581 ACACCCAGAGGTCCCCTTCT TCTCAACGGAGGAAAATGCCA
gPCR BNIP3 GGTCAAGTCGGCCGGAAAAT TGGAGGTTGTCAGACGCCTT
gPCR ARNT GAGAATTTCAGGAATAGTGGCCT CGAGTCTTAGCAGTAGCCTGG
gPCR Pre-RNA CCTGCTGTTCTCTCGCGCGTCCGAG AACGCCTGACACGCACGGCACGGAG
gPCR ADM GGGCTTGGACTTCGGAGTTT GTACATCAGGGCGACGGAAA
gPCR HIF1A Hs 00936368 - m1 HIF1A

gPCR EPAS1 Hs 01026149 - m1 EPAS1

that the active HIF isoforms lacking the bHLH motif do not
lead to RNA decay together with the dependence on de
novo transcription and translation (Fig. 30-Q) point to a
common target of HIF1A and EPAS1 as an effector for in-
ducing RNA decay whose expression is induced in re-
sponse to hypoxia.

REDD1 (official name DDIT4) is a target of HIF, and its
induction favors the dissociation of TSC2 from the inhibito-

1016 RNA (2020) Vol. 26, No. 8

ry 14-3-3 proteins, leading to the inhibition of mTOR
(Brugarolas et al. 2004; Liu et al. 2006; Deyoung et al.
2008; Wouters and Koritzinsky 2008). Our results show
that, in parallel to RNA decay, HUVEC cells inactivate
mTOR in a HIF-dependent manner (Figs. 3E, 4F). In addi-
tion, silencing of TSC2 prevents RNA decay induced by
hypoxia (Fig. 4l), suggesting that the axis EGLN/HIF/
REDD1/TSC2/mTOR regulates RNA stability in hypoxia
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in HUVEC cells. However, we have not formally proved that
the effect of HIF on mTOR is mediated through REDD1
and TSC2. In fact, there are other mechanisms by which
mTOR is regulated by hypoxia. First, AMP-activated pro-
tein kinase (AMPK) regulates mTOR in a HIF-independent
way, through TSC1-TSC2 (Liu et al. 2006). Second, the HIF-
dependent induction of BNIP3 (BCL2/adenovirus E1B 19
kDa protein-interacting protein 3) regulates mTOR by di-
rect binding to RHEB (Li et al. 2007). In addition, the pro-
myelocytic leukemia tumor suppressor (PML) can bind to
mTOR during hypoxia and inactivate it by sequestration
in nuclear bodies (Bernardi et al. 2006). Thus, further
work will be required to determine the specific candidates
that play a role in mTOR inactivation by hypoxia in HUVEC
cells.

mTOR has been involved in the suppression of transla-
tion during hypoxia (Liu et al. 2006; Wouters and
Koritzinsky 2008). However, to our knowledge, it has
not been implicated in RNA decay in hypoxia, in spite
of the well-documented relation between translation
and RNA stability. When mTOR is inactivated, it decreas-
es its serine/threonine kinase activity leading to dephos-
phorylation of its targets such as S6K and 4E-BP1. 4E-BP1
dephosphorylated sequesters elFAE protein favoring its
dissociation from the cap of the mRNAS, inhibiting
CAP-dependent translation and leaving the mRNA un-
protected. Translation is a highly energy-demanding pro-
cess that consumes a lot of energy from the cells, thus
there are divergent regulatory pathways that converge
to ensure the blockage of translation. Additionally to
the mTOR axis, there are other mechanisms by which
hypoxia regulates translation independently of mTOR
such as the regulation of ternary complex availability
through the phosphorylation of the alpha subunit of
elF2a. This occurs by the unfolded protein response
(UPR) in the endoplasmic reticulum in a HIF-independent
manner through PERK activation (Koumenis et al. 2002).
The existence of these mTOR-independent pathways to
block translation can explain why we do not observe a
recovery in translation by silencing TSC2 or HIF (Fig.
4C,G). In this context the increased RNA decay in
hypoxia, instead of being a mere consequence of the in-
hibition of translation, could be contributing to the re-
pression of protein synthesis in hypoxia by decreasing
mRNA availability.

We observed rRNA degradation in parallel with mRNA
degradation in hypoxia that could not be explained just
by the dissociation of elF4e (Fig. 2E). An attractive hypoth-
esis is that in hypoxic cells MRNAs that are not being trans-
lated, together with the ribosomes, which are no longer
needed for the translation of the hypoxic cell, are targeted
for degradation; resulting in decreased half-life rates of
both mRNA and rRNA. mTOR is fundamental for cell
growth and cell survival as it regulates important processes
such as MRNA translation, autophagy, or metabolism (Kim

and Guan 2019) and has been involved in ribosomal bio-
genesis (Mayer and Grummt 2006; ladevaia et al. 2012).
Thus, mTOR could also regulate rRNA decay. In this re-
gard, it has been described that S. cerevisiae treated
with rapamycin rapidly decreases its ribosomic content
by 40% to 60% (Pestov and Shcherbik 2012). In addition,
mTOR inhibition also increases ribophagy by random en-
gulfment of cytosolic ribosomes (An and Harper 2018,
2020; Wyant et al. 2018). Thus, mTOR inactivation by hyp-
oxia could mediate rRNA as well as mRNA degradation by
hypoxia; however, further work is needed to determine the
mechanisms by which mTOR inactivation favors rRNA
decay.

In addition to HUVEC, we have also observed decreased
RNA content in hypoxia in other types of endothelial cells,
such as human microvascular endothelial cells (HMVEC),
but not in other cell types like Hela, HEK293T, human
fibroblasts or mouse embryonic fibroblasts (data not
shown). Thus, RNA degradation could be a specific re-
sponse of endothelial cells to hypoxia. Alternatively, it
could be a general response that is triggered at different
hypoxic thresholds depending on the cell type. In agree-
ment, Hepa 1-6 (Johnson et al. 2008), C2C12, and
NIH3T3 cells (Mekhail et al. 2006) but not HUVEC, blunt
their RNA synthesis in response to very low oxygen con-
centrations or anoxia. Different cell types could diverge
in the mechanisms used to decrease RNA levels in hypoxia
to inhibit translation.

In eukaryotes, the majority of mRNAs undergo decay
through a pathway that is initiated by the shortening of
the poly(A) tail by deadenylases (PAN2-PAN3, CCR4-
NOT, and PARN).

Therefore, by targeting some of the enzymes that are in-
volved in the RNA-decay machinery, global RNA half-life
could potentially be regulated. However, we did not ob-
serve hypoxic-induction of any of the genes encoding ge-
neral RNA turnover proteins or endonucleases. In fact, we
found decreased expression of several components of the
exosome complex (EXOSC2, EXOSC4, EXOSCé, and
EXOSC9) required for general RNA degradation (data
not shown). Nevertheless, we cannot rule out that hypoxia
alters the protein level or activity of the enzymes involved
in general RNA degradation.

In summary, our work supports that transcription is the
major determinant of the relative abundance of transcripts
in response to hypoxia. Notwithstanding, RNA stability sig-
nificantly contributes to the changes in gene expression
during adaptation to decreased oxygenation. In addition,
we also uncovered an unexpected effect of hypoxia on to-
tal RNA content, by a EGLN/HIF/TSC2 mediated increase
in global decay rates that could potentially contribute to
fundamental global responses such as inhibition of transla-
tion. Finally, our data provides the first quantitative de-
scription of the effects of hypoxia on mRNA half-lives at
global scale.
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MATERIALS AND METHODS

Cell culture and treatments

Human umbilical vein endothelial cells (HUVEC) from pools
of donors were purchased from Lonza (Lonza, C2519A) and grown
in Endothelial Medium Bullet Kit (EGM-2, Lonza, CC-3162). For vi-
ral production, HEK 293T were maintained in Dulbecco’s modi-
fied Eagle’s medium (Gibco, 41966052) supplemented with 50
U/mL penicillin (Gibco, 15140122), 50 pg/mL streptomycin
(Gibco, 15140122), 2 mM glutamine (Gibco, 25030123), and
10% (v/v) fetal bovine serum (Gibco, 10270106). All cells were
grown at 37°C and 5% CO, in a humidified incubator and tested
regularly for mycoplasma contamination. For hypoxia treatment,
cells were grown at 37°C in a 1% O, 5% CO,, 94% N, gas mix-
ture in a Whitley Hypoxystation H35 (Don Withley Scientific).
Alternatively, hypoxic conditions were mimicked using 500 pM
Dimethyloxalylglycine (DMOG, Sigma, D3695). Actinomycin,
cycloheximide, puromycin and rapamycin purchased from
Sigma, were used at 5 pg/mL, 10 pg/mL, 2 pg/mL, and 20 nM,
respectively.

Metabolic labeling with 4-thiouridine and
purification of newly synthesized mRNA

We used the protocol described by Dolken et al. (2008) and
Schwanhausser et al. (2011) that is represented in Figure
1A. Briefly, exponentially growing HUVEC cells were exposed
to 21% (normoxia) or 1% (hypoxia) oxygen for 8 h and pulse la-
beled with 4-thiouridine (400 pM, 4sU, Sigma, T4509) during
the last 2 h of treatment. After treatment, total cellular RNA was
isolated from cells using TRI-reagent (Ambion, AM9738). An
amount of 100 pg of total RNA was subjected to a biotinylation
reaction to label the newly transcribed RNA containing the 4sU
moiety (Pierce, EZ-Link Biotin-HPDP, 21341). Then, RNA was pu-
rified using  Ultrapure  Phenol:Chloroform:lsoamylalcohol
(Invitrogen, 15593 031) and labeled RNA was isolated from the to-
tal RNA by affinity chromatography using streptavidin coated
magnetic beads (uUMacs Streptavidin Kit; Miltenyi, 130074 101).

High-throughput sequencing and bioinformatics
analysis

Libraries of total RNA, labeled RNA and unlabeled RNA were pre-
pared using the standard protocol for messenger RNA sequenc-
ing (llumina, TruSeq Stranded mRNA) and sequenced on
HiSeq2000 instrument (lllumina) according to the manufacturer’s
protocol. The resulting reads were aligned to the GRCh37/hg19
assembly of the human genome using TopHat (Trapnell et al.
2009) with the default parameters. Finally, the gene expression
level was calculated as the number of reads per gene, computed
using HTSeq (Anders et al. 2015) and gene features as defined in
the GRCh37.75 release of the human genome (gtf file).
Differential gene expression analysis was performed with the
Bioconductor (Gentleman et al. 2004) edgeR package
(Robinson et al. 2010) for the R statistical Software (http:/www
.R-project.org/). The raw reads and processed data derived
from RNA-seq experiments published in Tiana et al. (2018) are
available at NCBI's Gene Expression Omnibus (Barrett et al.
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2009) and are accessible through the GSE89831 GEO Series ac-
cession number. All computations were performed using R soft-
ware package (http://www.R-project.org/).

mRNA half-life determination

Individual mRNA half-lives were calculated as described in
Dolken et al. (2008). For each mRNA half-life was computed ac-
cording to the following equation:

¢ tL x In(2)
1=
|n(1 -3 X Ce)

where e and a represent the amount of newly transcribed RNA
and total mRNA, respectively, expressed as the normalized
counts from the RNA-seq experiment. t, is the labeling time
and ¢, is a correction factor estimated from slope of the linear re-
gression fit of the u/a and e/a values for all the genes expressed in
HUVEC according to the formula:

u 1 eCe
a Cu aCu’

In this equation u represents the amount of preexisting mRNA
expressed as the normalized counts from the RNA-seq experi-
ments. The Ce and Cu correction factors can be determined by
the estimate of the slope and intercept of the linear fit of the ex-
pression level of all three fractions (total, newly transcribed and
preexisting). All computations were performed using R software
package.

RNA extraction and qPCR

RNA was extracted and purified using the RNeasy Mini Kit
(Qiagen; 74106) following manufacturer’s instructions. For quan-
titative-RT PCR analysis, 1 pg of total RNA of each sample was re-
versed-transcribed to ¢cDNA (Transcriptor First Strand cDNA
Synthesis kit, Roche 04379012001), cDNA was diluted 1:20 and
used as template for amplification reactions, carried out with
the Power SYBR green PCR Master Mix (RNeasy Mini Kit
Applied Biosystems; 4367659) following manufacturer’s instruc-
tions. PCR amplifications were carried out in a StepOne
Realtime PCR System (Applied Biosystems; 4376357). Data
were analyzed with StepOne software and expression levels
were calculated using AACT, using B-actin as reference. Primers
sequences used for qPCR analysis are provided in Table 1. All
RT-qPCR data are available in Supplemental Table 3

Individual mRNA half-life calculation using
actinomycin D

HUVEC cells were seeded in 6 cm? plates at a density of 4 x 10°
cells/well 8 h prior to experiments. To determine the effect of hy-
poxia on MRNA decay rates, cells were exposed to normoxia or
hypoxia for 16 h. Then, treated with 5 pg/mL actinomycin D
(Sigma; A9415), a general transcription inhibitor, and RNA was
isolated 0, 1, 2, 4, 8, and 12 h after transcription inhibition. Cells
were kept at the same oxygen tension for the whole duration of
the experiment. The relative amount of specific mRNAs were de-
termined by quantitative RT-PCR. Their decay constant (kgecay)


http://www.R-project.org/
http://www.R-project.org/
http://www.R-project.org/
http://www.R-project.org/
http://www.R-project.org/
http://www.R-project.org/
http://www.R-project.org/
http://www.R-project.org/
http://www.R-project.org/
http://www.R-project.org/
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.072611.119/-/DC1

RNA decay is induced by hypoxia

was obtained from the slope of the regression line obtained by
the representation of the fraction of mMRNA remaining at each

time point:
N
In(ﬁ;) = —Kgecay X t.

Ni/Ng is the remaining fraction of mRNA at time point t after ac-
tinomycin D addition. Finally, the half-life for each mRNA was cal-
culated from its decay constant as:

In(2)

typ=->—.
12 Kdecay

Pulse-labeling of HUVEC cells with tritiated uridine

HUVEC cells were seeded in 6 cm? plates (4 x 10° cells/well) and
8 h after plating were pulsed for 2 h with tritiated uridine (Uridine
[5,6-3H]; PerkinElmer; NET367001MC) at final concentration of 2
pCi/mL. After labeling, cells were washed twice with phosphate
buffered-saline (PBS), and incubated in nonradioactive complete
culture medium under normoxia or hypoxia for 16 h. The radioac-
tivity present in total RNA fractions was measured using Liquid
Scintillation (Optiphase Hisafe II; PerkinElmer, 1200-436) and
the Liquid Scintillation Analyzer (PerkinElmer; TriCarb 2800TR).

rRNA synthesis determination

The determination of the 47S precursor ribosomal RNA (pre-
RNA), was performed by qPCR and normalized by 28S using
the primers described in Table 1.

Calculation of total RNA and mRNA mass per cell

HUVEC cells were seeded in 6 cm? plates at a density of 4.8 x 10°
cells per plate and were exposed to normoxia, hypoxia or nor-
moxia in the presence of 500 pM DMOG for 16 h. Then DNA
and RNA were isolated from each sample and determined by
spectrophotometry (NanoDrop ND-1000 instrument, Thermo
Scientific). We calculated RNA mass per cell considering that hu-
man cells contain 6.6 pg of DNA per cell.

Lentiviral production

Lentiviral vector pGlIPz (Open Biosystems) was used to
silence the mMRNA expression of ARNT (V3LHS_393533),
HIF1A (V2LHS_132150), EPAST (V2LHS_113753) and TSC2
(V3LHS_642078), as well as a nonsilencing lentiviral shRNA
Control (NS; RHS4346). For the overexpression of HIF mutants sta-
bilized in normoxia, we used PRRL lentiviral vectors containing
HIFTA and EPAST mutant sequences under cytomegalovirus
(CMV) promoter (Kondo et al. 2002). These vectors contain the
ODD prolines residues converted to alanine for maintaining HIF
constitutively active in normoxic conditions (PRRL-HIF1A-P402A;
P564A-IRES-eGFP and pRRL-EPAS1-P405A;P531A-IRES-eGFP).
In addition, we used other HIF overexpressing vectors whose
bHLH motif had been mutated to prevent DNA-binding (pRRL-
HIF1A-P402A;P564A-bHLH*  -IRES-eGFP and pRRL-EPAST-
P405A;P531A-bHLH*-IRES-eGFP). Lentivirus were produced and

titrated in HEK293T cells as previously described (Punzon et al.
2004). For transduction of HUVEC cells, lentiviruses were used at
a multiplicity of infection (MOI) of 1-2 for 8 h, resulting in more
than 95% transduced (GFP-positive) cells 72 h after infection.

Western blot

Cells were harvested in RIPA buffer (50 mM Tris-HCI pH 8, 150
mM NaCl, 0.02% NaN3, 0,1% SDS, 1% NP-40, 1% Sodium
Deoxycholate) containing protease inhibitors (Complete ULTRA
tablet; Roche; 06538304001). Protein concentration was quanti-
fied using BioRad DC protein assay (BioRad, 5000112) and
40 pg of each sample was resolved in 10% SDS-polyacrilamide
gels. Proteins were then transferred to Polyvinylidene difluoride
(PVDF) membrane (Immobilon-P, Millipore, IPVH100010).
Membranes were blocked with 5% nonfat dry milk in TBS-T
(50 mM Tris-HCl pH 7.6, 150 mM NaCl, 0.1% Tween-20) and incu-
bated with the corresponding antibody (HIF1A: abcam; ab2185;
EPAS1: Novus; NB100-122, LaminB1: Santa Cruz, sc-6216,
Phospho-S6 Ribosomal Protein [Ser235/236], Cell Signaling,
4858; and Sé Ribosomal Protein, Cell signaling, 2217).

Methionine S-35 pulse-labeling of HUVEC cells

HUVEC cells were seeded in 6 cm? plates at a density of 4.8 x 10°
cells per plate and exposed to normoxia, hypoxia or normoxia in
the presence of 500 uM DMOG for 16 h. Then, cells were washed
with DMEM lacking methionine and containing 10% of dialyzed
FBS to eliminate the excess of methionine and 25 mM Hepes.
Medium was removed and 0.5 ml of DMEM with 335-35 methio-
nine (200 pCi/mL) was added, then cells were incubated at
37°C 30 min. Cells were washed with cold PBS and recovered
by cell-scrapping and centrifugation and precipitated with 10%
TCA in glass fiber filter disks. To calculate the ratio of TCA- precip-
itated label relative onto total radioactivity, we measured the
amount of radioactivity of each disk by scintillation counting
and compared with the total radiolabeled cell suspension fraction
obtained before precipitation.

Click-iT Plus OPP Alexa Fluor 647 Protein Synthesis
Assay Kit

HUVEC cells were seeded over coverslips in 24 multiwell plates at
a density of 50,000 cells per well, and treated with cycloheximide
or DMOG for 16 h. Then we used the Click-iT Plus OPP Alexa
Fluor 647 Protein Synthesis Assay Kit following manufacturer’s in-
structions. The analysis of the images was performed by measur-
ing individual cell integrated density of the 647 channel divided
by the DAPI integrated density.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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