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Abstract

Supplemental oxygen and mechanical ventilation commonly used in premature in-
fants may lead to chronic lung disease of prematurity, which is characterized by ar-
rested alveolar development and dysmorphic vascular development. Hyperoxia is
also known to dysregulate p53, senescence, and metabolism. However, whether these
changes in p53, senescence, and metabolism are intertwined in response to hyperoxia
is still unknown. Given that the lung epithelium is the first cell to encounter ambient
oxygen during a hyperoxic exposure, we used mouse lung epithelial cells (MLE-
12), surfactant protein expressing type II cells, to explore whether hyperoxic expo-
sure alters senescence and glycolysis. We measured glycolytic rate using a Seahorse
Bioanalyzer assay and senescence using a senescence-associated [ galactosidase
activity assay with X-gal and C,FDG as substrates. We found that hyperoxic ex-
posure caused senescence and increased glycolysis as well as reduced proliferation.
This was associated with increased double stranded DNA damage, p53 phospho-
rylation and nuclear localization. Furthermore, hyperoxia-induced senescence was
pS3-dependent, but not pRB-dependent, as shown in pS3KO and pRBKO cell lines.
Despite the inhibitory effects of p53 on glycolysis, we observed that glycolysis was
upregulated in hyperoxia-exposed MLE-12 cells. This was attributable to a subpopu-
lation of highly glycolytic senescent cells detected by C;,FDG sorting. Nevertheless,
inhibition of glycolysis did not prevent hyperoxia-induced senescence. Therapeutic
strategies modulating p53 and glycolysis may be useful to mitigate the detrimental

consequences of hyperoxia in the neonatal lung.
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1 | INTRODUCTION development and are unable to diffuse oxygen (Thébaud
et al., 2019). As a life-saving measure, premature infants are
provided with supplemental oxygen (hyperoxia). This leads
to sequelae since many infants develop chronic lung disease

(CLD) of prematurity, a disorder characterized by arrested

Due to medical advances, premature infants born as early
as 22 weeks of gestation can survive. However, their lungs
are still in the canalicular and saccular stages of lung
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alveolar development, inflammation, and damaged alveoli
(Hilgendorff & O'Reilly, 2015).

Hyperoxia causes damage, in part by generating reactive
oxygen species (ROS) in the lung, leading to increased DNA
damage (Barker et al., 2006). In mice, hyperoxia produces
a phenotype similar to CLD (Berger & Bhandari, 2014). In
cultured cells, hyperoxia leads to increased cell death and de-
creased cellular proliferation (Mantell etal., 1999). Hyperoxia
is known to dysregulate lipid and tricarboxylic acid cycle me-
tabolism (Dennery et al., 2018), senescence in vitro (Klimova
et al., 2009), and also alters p53 signaling (O'Reilly et al.,
1998). In addition, prior research using fibroblasts and bone
osteosarcoma epithelial cells suggests that metabolism and
replicative senescence are interdependent (Jiang et al., 2013),
however, whether metabolism alters senescence or vice versa
is not understood in hyperoxia-exposed lung cells.

Senescence is a protective response to stress in which
cells acquire a non-proliferative state and develop a detri-
mental pro-inflammatory senescence associated secretory
phenotype (SASP) (Coppé et al., 2010). Senescence is often
associated with aging (Childs et al., 2014), but it also plays
beneficial roles in wound healing (Demaria et al., 2017). At
the center of the senescence pathway is the tumor suppressor
protein p53, which transcriptionally activates p21 and pl6
leading to cyclin dependent kinase (CDK) inhibition, which
increases pRB binding to E2F1, preventing its role as a tran-
scription factor, leading to cell cycle arrest and senescence
(Qian & Chen, 2013). There are several forms of senescence
including replicative senescence, which is associated with
aging and is usually mediated by p53 and p16 (Beauséjour
et al., 2003). Developmentally induced senescence is regu-
lated by p21 during fetal development. This allows for tissue
remodeling and organ differentiation (Storer et al., 2013). In
contrast, stress-induced senescence is acquired after damage
to double-stranded DNA through ROS. This type of senes-
cence is usually mediated by p53 and pRB, but is also stress-
specific (Demaria et al., 2017; Le et al., 2010). Whether
senescence plays a protective or detrimental role is not fully
understood, and it is often specific to the stress that generates
it.

Metabolic dysfunction has been implicated in lung in-
jury and repair in neonatal models of hyperoxic exposure
(Dennery et al., 2018; Kurzner et al., 1988; La Frano et al.,
2017). In fact, endothelial, epithelial, and fibroblast cells
show metabolic dysregulation in response to hyperoxia
(Boros et al., 2002; Das, 2013; Yao et al., 2017). Senescent
cells also show metabolic dysregulations, but it is not known
whether this metabolic dysregulation leads to senescence or
vice versa. While p53 is upregulated by hyperoxia (O'Reilly
et al.,, 1998), and it plays a role in mediating senescence
and modulating glycolysis (Bensaad et al., 2006; Itahana
& Itahana, 2018; Kondoh et al., 2005; Mikawa et al., 2014;
Puzio-Kuter, 2011; Wang et al., 2014), it is unknown whether

senescence and glycolysis are interdependent through p53 in
hyperoxia-exposed cells. If they were, this would provide
strategies to modulate senescence induced by hyperoxia
through alterations in metabolism. Type II (ATII) cells are
progenitor to ATI cells, the alveolar cells that are responsible
for gas exchange, and therefore provide an important regen-
erative function in response to stress in the lung (Nova et al.,
2019; Olajuyin et al., 2019; Vaughan & Chapman, 2017).
However, ATII cell numbers decrease in response to hyper-
oxia (O'Reilly et al., 1998), thereby preventing lung repair.

Previous reports showed that hyperoxia for 7 days in-
duces senescence in fibroblasts (Parikh et al., 2019), and that
3 days of hyperoxia leads to senescence that requires pS3 and
pRb signaling in lung fibroblast cells (Klimova et al., 2009).
Whether ATII cells exposed to 24 h of hyperoxia become se-
nescent and whether this is also mediated by p53 and pRB
remains to be determined. Given that hyperoxia upregulates
senescence and can also upregulate p53 protein in mouse al-
veoli (O'Reilly et al., 1998), we hypothesized that hyperoxia-
induced senescence is p53-dependent in ATII-like mouse
lung epithelial cells (MLE-12). We further hypothesized that
hyperoxia also leads pS3-mediated downregulation of glycol-
ysis which may serve to counter senescence and its detrimen-
tal effects.

2 | METHODS
2.1 | MLE-12 cell culture and hyperoxic
exposure

MLE-12 cells (ATCC) were grown in Dulbecco's
medium:Ham's F12 (50:50 mix) with 2% FBS, 1% Pen/
strep, 10 nM hydrocortisone, insulin-transferrin-selenium
(0.005 mg/ml insulin, 0.01 mg/ml transferrin, 30 nM sodium
selenite), and 10 nM f-estradiol. Cells at 50% confluency
were incubated at 37°C in air (21% O, and 5% CO,) or hy-
peroxia (95% O, and 5% CO,) for 4, 8, 12 or 24 h in a hu-
midified chamber.

2.2 | Transcriptional analysis

Quantitative real time PCR (RT-qPCR) assays were per-
formed using the ThermoFisher Tagman qPCR master mix
and Tagman fluorescent probes. All qPCR assays were done
with 18s (Tagman Hs99999) as a housekeeping control in an
ABI5000 instrument.

Probes wused were: Rbl (Mm00485586), E2F1
(Mm00432939), MMP3  (Mm00440295), MMPI10
(MmO01168399), p53 (Mm01731290), p16 (Mm00494449
ml), p21 (MmO00494449), HK2 (MmO00443385), Tp53
inducible glycolysis and apoptosis regulator (TIGAR)
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(Mm00621530), glucose transporter 1 protein (GLUT1)
(Mm00449511), PFKFB3 (Mm00504650), and phosphof-
ructokinase (PFKM) (Mm01309576).

2.3 | Detection of cellular proteins

Assay performed as previously described (Mahmood
& Yang, 2012). Protein levels were analyzed using the
ChemiDoc Touch Imaging System (BioRad). Calnexin was
used as loading control for all western blots.

Antibodies used were: Abcam: Anti-H2AX phosphoS139
(ab26350), CRISPR-Cas9 (ab204448), GLUT1 (ab115730),
hexokinase II (HKII, abl131196), pl6 (ab54210), p2l
(ab107099), p53 (ab31333), phosphor-pS3 S15 (ab1431),
anti-p53 phospho-S392 (ab33889), Tigar (ab62533). Bethyl
Laboratories: H2AX (A300-083A). Cell Signaling: p53 (9282),
p53 Serl5 (9284), p53 Ser392 (9281). Enzo: calnexin (ADI-
SPA-860-F). Millipore: Gamma H2AX (05-636), phospho-
histone H2A Ser139 (05-636). Santa Cruz: p-actin (sc-1616).

2.4 | Immunofluorescence

MLE-12 cells were fixed in 5% formalin and stained as pre-
viously described (Donaldson, 2001). Primary antibodies in-
cluded p53 (abcam 31333 at 1:200 dilution), phospho-histone
H2A Ser139 (Millipore 05-636 at 1:100 dilution) and 53BP1
(Novus Biologicals NB100-304 at 1:1000 dilution). Images
were acquired using a Zeiss Axiovert 200 M Fluorescence
Microscope at magnification 200x.

2.5 | Phospho-p53 measurement by ELISA
Lysates were collected with phosphatase inhibitors, and
phosphor-p53 was measured using a Cell Signaling (#7365)
phosphorylated Ser15 p53 ELISA kit as per the manufactur-
er's instruction.

2.6 | Glycolytic rate assay (GRA)

We seeded 22,000 MLE-12 cells/well into a Seahorse XF24
microplate (Agilent) and exposed them to air or hyperoxia.
This cell density was determined to be optimal for this cell
line (data not shown). Basal glycolytic rate (referred to as
glycolytic rate) and compensatory glycolytic rates were ob-
tained and measured as previously published (Romero et al.,
2017) and as per manufacturer's instructions. Injections in-
cluded in the assay were rotenone/antimycin A (0.5 pM,
final) and 2-deoxy-d-glucose (2-DG, 50 mM, final). Data
were expressed as a ratio to cell numbers.

&ééﬁj@& jcal %9/ Physiological Reports
2.7 | Detection of senescence
2.7.1 | SA-B-gal acivity

MLE-12 cells were seeded in a six-well plate fitted with glass
slides and exposed to air or hyperoxia. Senescence-associated
B galactosidase (SA-B-gal) activity was measured at pH6.0
by cytochemistry using X-gal as the substrate as previously
described (Itahana et al., 2013). Images were acquired with
a Zeiss Axiovert 200M Brightfield/Fluorescence Microscope
at magnification 200X, using only the brightfield function.

2.7.2 | C,,FDG assay and sorting

We seeded 400,000 MLE-12 cells/well in a six-well plate in
triplicate. SA-B-gal activity was measured by FACS using
C,FDG as a substrate as previously described (Debacq-
Chainiaux et al., 2009). Further analysis was performed with
FlowJo (Oregon, FlowJo LLC). Sixty thousand hyperoxia-
exposed cells/well were then sorted onto Seahorse plates,
based on C,FDG fluorescence as a measure of senescence.

2.8 | Cell proliferation assay

Proliferation was assessed by Click-iT® EdU Flow Cytometry
Assay Kit from Invitrogen according to the manufacturer's
protocol. Briefly, cells were incubated with 10 pM of a nu-
cleoside analog of thymidine (5-ethynyl-2’deoxyuridine,
EdU) for 2 h. After washing and fixation, incorporated EdU
during DNA synthesis was labeled with Alexa Fluor 488
azide in the provided reaction buffer for 30 min. Cells were
analyzed using the BD FACSAria (BD Bioscience) and the
percentage of EdU positive cells was calculated.

2.9 | Colony-forming unit assay

After exposure of MLE-12 cells to air or hyperoxia for 24 h,
1x107 cells were seeded in six-well plates at 37°C in 21% O,
and 5% CO,, for 15 days. Thereafter, plates were incubated
with 0.5% crystal violet (Sigma-Aldrich) for 5 min at room
temperature. Stained colonies with >50 cells were counted.

2.10 | Quantification of p53 nuclear or
cytoplasmic immunofluorescent signal

We quantitatively investigated p53 protein translocation to
the nucleus by computational segmenting of cell nuclei in
fluorescent microscopy images. We used adaptive threshold-
ing algorithms to distinguish foreground from background
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and watershed algorithms to segment cell nuclei. Incorrect
segmentations (multiple clumped nuclei) were found using
advanced image processing methods (distance transform,
graph cut) and removed from final results. The computer
language used was the Python, System: Anaconda navigator,
through a Brown University Server in the Wong Lab.

2.11 | CRISPR/Cas9 knockout

A two-step CRISPR system (Sigma-Aldrich) was used as
per the manufacturer's instructions. First, lentivirus contain-
ing Cas9 plasmid and blasticidin resistance was used to infect
MLE-12 cells. Blasticidin selection led to Cas9+ MLE-12
cells, which were transduced with lentivirus containing
blank, p53 (ACCATCGGAGCAGCGCTCATGG) or pRB
(AGAAAGTTTCATCCGTGGATGG) puromycin+lentivirus
guides. Cells were then selected with puromycin and sorted
into 96-well plates using FACS. Knock-out efficiency was de-
termined by Western blot.

2.12 | Statistical Analysis

Prism 6 software (GraphPad Software) was used to con-
duct all statistical analyses. The results were expressed as
mean + SEM of 6 biological replicates. One-way ANOVA
with Bonferroni correction for post-hoc multiple compari-
sons was performed to measure the effect of one factor. The
statistical significance of the differences between groups was
evaluated by using two-way ANOV A for overall significance.

3 | RESULTS
3.1 | Hyperoxia causes senescence in MLE-
12 cells

SA-fB-gal activity, as measured through the SA-B-Gal col-
orimetric assay is the hallmark of senescence (Dimri et al.,
1995). SA-B-Gal activity is specifically measured at pH6 to
exclude other p-galactosidase activities. To measure senes-
cence in live cells, the C,FDG assay is used, allowing for
measurement of SA-p-gal activity through fluorescence sig-
nal acquisition (Debacq-Chainiaux et al., 2009). Using SA-
[-gal staining, we observed a 1.5-fold increase in senescence
after hyperoxia (Figure la). Cells exposed to hyperoxia
showed an enlarged and flattened phenotype characteris-
tic of senescence (Figure 1b). Using the C;,FDG assay, we
observed 5% senescence in the air compared to 65% in the
hyperoxia group (Figure Ic). Hyperoxia for 12 h reduced
EdU incorporation in MLE-12 cells, and this was further
decreased after 24 h of hyperoxic exposure (Figure 1d). In

addition, the number of colonies seen in hyperoxia-exposed
MLE-12 cells was significantly reduced from those in air-
exposed cells (Figure le). These results suggest that hyper-
oxia causes senescence and reduces proliferation in mouse
lung epithelial cells.

3.2 | Hyperoxia increases DNA damage and
p53 activation

Since DNA damage can lead to senescence, we measured
yH2AX signal intensity, which is a known marker of dou-
ble stranded DNA damage. Using immunofluorescence, we
found that hyperoxia-exposed MLE-12 cells had a 1.7-fold
increase in YH2AX protein levels compared to air controls
as demonstrated by the number and intensity of YH2AX foci
(Figure 2a). Another marker of double stranded DNA repair
is 53BP1, which interacts with p53 and H2AX (Fernandez-
Vidal et al., 2017; Kleiner et al., 2015; Panier & Boulton,
2014). Immunoreactive 53BP1 signal was detected with im-
munofluorescence. Cells were counted as positive if they had
one or more 53BP1 foci. Air controls had 0% 53BP1% cells
while hyperoxia-exposed cells were 75% 53BP1* (Figure
2b). We investigated transcript and protein levels of the core
genes in the p53-senescence signaling pathway in order to
understand whether these contributed to hyperoxia-induced
senescence. Tagman assays revealed significant upregulation
of p53, p21, and pRB mRNA in hyperoxia compared to air
controls. In contrast, pl6 mRNA levels were no different be-
tween hyperoxia-exposed cells and air controls (Figure 2c).
Hyperoxia did not change the total protein levels of p53 or
pRB as seen by Western blots (Figure 2d,e). However, hyper-
oxia led to increased p53 nuclear translocation as indicated
by Western blotting of nuclear/cytoplasmic fractions and by
immunofluorescence (Figure 2f,g). The senescence proteins
p21 and p16 could not be detected by Western blots.

Nuclear translocation of p53 can occur due to phosphor-
ylation of serinel5 (Melnikova et al., 2003), which has been
shown to increase senescence and the DNA damage response
(Qian & Chen, 2013). We used an ELISA assay to quantify
phosphorylation of Ser15-p53 (P-Ser15-p53) after hyperoxic
exposure and found that P-Serl5-p53 was increased 8-fold
compared to air controls (Figure 2h). This suggests that hy-
peroxia induces phosphorylation of p53, facilitating its nu-
clear entry and downstream signaling roles.

3.3 | Hyperoxia-induced senescence is
p53-dependent but pRB-independent

In order to understand whether p5S3 or pRB is necessary for
the increased senescence observed in hyperoxia, we gener-
ated p53 and pRB knockout cell lines using CRISPR/Cas9
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or 95% 0,/5% CO, (O,) for 24 h. (a) Senescence levels in air and O, were measured by the senescence associated beta galactosidase (SA-f-gal)
activity, staining senescent cells blue. Nuclear fast red stains the nucleus red for counting purposes. (b) SA-f-gal assay representative image of
senescent cells’ enlarged and flattened phenotype. (c) Senescence levels were quantified using the C,,FDG FACS senescence assay. Emission
spectrum is shown in blue for Air, and O, is in red. (d) EdU incorporation was measured by flow cytometry in cells exposed to hyperoxia for 4, 12,
and 24 h. (e) Number of colonies were counted in cells exposed to hyperoxia for 24 h followed by air recovery for 15 days. *p < 0.05 versus air
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FIGURE 2 Hyperoxia causes DNA damage and p53 activation. Mouse lung epithelial (MLE-12) cells were exposed to 21% O,/5% CO,

(Air) or 95% 0,/5% CO, (O,) for 24 h. For immunofluorescence, Blue = DAPI, nuclei; Green = protein of interest, Cyan = overlapping blue

and green signal. (a) Measured YH2AX levels using immunofluorescence. (b) Measured 53BP1 levels using immunofluorescence, quantified by
macros script. (c) Transcriptional levels of p53, pRB, p16, and p21 measured by RT-qPCR. (d, e) p53 and pRB protein levels measured by western
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qPCR, quantitative real time PCR
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hyperoxia. (g) Transcriptional levels of p21, pRB, E2F1, p16, MMP3, MMP10 measured by RT-qPCR. *p < 0.05. MLE-12, mouse lung epithelial

(Figure 3a). Using the C,,FDG assay, we determined that
air controls for WT, pS3KO, and pRBKO cells had similar
levels of senescence. However, hyperoxia-exposed WT cells
had 52.4% senescence compared to 27.1% senescence in the
p53KO cells. (Figure 3a,b). This was corroborated by the
spectrographic representation of the flow cytometry results
(Figure 3c), where the pS3KO hyperoxia samples showed a
phenotype more like that of air-exposed WT cells. In con-
trast, pPRBKO showed no significant change in senescence
levels in response to hyperoxia compared to similarly ex-
posed WT (Figure 3b).

Western blotting and immunofluorescence assays
confirmed that hyperoxia led to DNA damage, however,
levels of YH2AX did not differ between WT and p53KO
air-exposed cells. Similarly, the WT hyperoxia-exposed
cells showed no difference in YH2AX compared to the
pS3KO hyperoxia-exposed cells (Figure 3d,f). In addition,
there were no differences in 53BP1 fluorescence between
the two cell lines when exposed to air (Figure 3e). While
the number of 53BP1 positive cells were similar between
WT and p53KO hyperoxia-exposed cells, there was an in-
creased number of 53BP1 foci per cell in the p5S3KO com-
pared to WT.

Transcriptional analysis of genes in the senescence path-
way revealed that WT and p53KO air-exposed cells had sim-
ilar levels of p21, pRB, p16, or E2F1 mRNA. These genes
were all upregulated in WT cells in response to hyperoxia
whereas they were not in p5S3KO cells exposed to hyperoxia
(Figure 3g). These data show that the senescence pathway is
transcriptionally disrupted in pS3KO cells and therefore p53
dependent. Hyperoxia increased the expression of the SASP
genes MMP3 and MMP10 in WT cells (Figure 3g). This was
not further increased in pS3KO cells exposed to hyperoxia.
Altogether, these data show that hyperoxia-induced senes-
cence is pS3-dependent.

3.4 | Glycolysis is increased by hyperoxia but
inhibited by p53

Others have shown that glycolysis can be mediated by
p53 (Bensaad et al., 2006; Itahana & Itahana, 2018; Liu
et al., 2019; Zhang et al., 2013). Glycolysis rates observed
with the GRA were 1.7-fold higher in air-exposed pS3KO
compared to air-exposed WT. This suggests that loss of
p53 increases glycolysis. After hyperoxia, glycolysis was
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TIGAR, PFKFB3, PGM, and PFKM were measured by RT-qPCR. *p < 0.05. RT-qPCR, quantitative real time PCR

upregulated in both cell lines. Nevertheless, the p5S3KO
cells exposed to hyperoxia had a 2-fold increase in glyco-
lysis compared to similarly exposed WT cells. This same
trend was observed with compensatory glycolysis (Figure
4a,b).

To further corroborate the effect of hyperoxia and p53
on glycolysis we measured genes regulating glycolysis. The
glycolytic rate limiting enzyme HK?2 showed a 2.2-fold in-
crease in air-exposed p53KO compared to air-exposed WT.
After hyperoxia, HK2 mRNA levels were upregulated in
both cell lines. The pS3KO cells exposed to hyperoxia had
a 1.7-fold increase in HK2 transcription compared to WT
cells that were similarly exposed (Figure 4c). The GLUT1
was unchanged in any condition. The TIGAR, which gen-
erates fructose 2, 6 biphosphate (F2,6BP) leading to in-
hibition PFKM, was upregulated in WT cells exposed to
hyperoxia compared to air. However, there were no differ-
ences in p53KO air-exposed cells compared to WT air, or
between p53KO hyperoxia-exposed cells and similarly ex-
posed WT cells. Levels of phosphoglycerate mutase (PGM)
mRNA, one of the rate-limiting enzymes in glycolysis,
showed no differences between air-exposed WT and p53KO
cells. However, there was a decrease in PGM in p53KO
cells exposed to hyperoxia compared to WT cells similarly
exposed. Lastly, PFKM mRNA levels were no different be-
tween pS3KO and WT in air or hyperoxic exposures (Figure
4c). Overall, these data suggest that p53 inhibits glycolysis
in WT cells, likely through the suppression of HK2. What
upregulates HK?2 in response to hyperoxia in p5S3KO cells is

unknown and could explain the upregulated glycolysis ob-
served in p5S3KO cells exposed to hyperoxia.

3.5 | Changesin
senescence and glycolysis are concurrent
but are not interdependent

In order to determine whether senescence and glycolysis are
co-regulated, we examined the timing of onset of glycolysis
and senescence in MLE-12 cells exposed to 4 and 8 h of hy-
peroxia. Glycolysis increased 2-fold at 4 h in the WT cells
exposed to hyperoxia compared to air controls. In contrast,
in the p53KO, increases in glycolysis occurred only at 8 h
of hyperoxia (Figure 5a). This suggests that p53 signaling
accelerates the onset of glycolysis when cells are exposed to
hyperoxia.

As to senescence, increased C;,FDG hydroxylation was
seen as early as 4 h after hyperoxia in the WT cells compared
to air controls. In contrast, p5S3KO cells did not show a sig-
nificant increase in senescence until 8 h of hyperoxia. This
suggests that p53 slows the onset of senescence as well. The
onset of senescence and glycolysis after short term hyperoxia
in WT cells seem to occur concurrently. Since both the onset
of senescence and glycolysis occurred at the same time, we
could not demonstrate a causal relationship between the two
phenomena (Figure 5a,b).

We then attempted to inhibit glycolysis in order to mea-
sure its effect on hyperoxia-induced senescence. Using the
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FIGURE 5 Hyperoxia-induced senescent cells are highly glycolytic, but is not dependent on senescence. (a) Glycolysis rate was measured
using the Seahorse Bioanalyzer's Glycolytic Rate Assay for WT and pS3KO mouse lung epithelial (MLE-12) cells exposed to 21% O,/5% CO,
(Air) or 95% 0,/5% CO, (O,) for 0-8 h in 4 h intervals. (b) Senescence levels in WT MLE-12 cells exposed to O, for 0, 4, and 8 h. (c) Senescence
levels quantified using the C;,FDG FACS senescence assay in response to varying concentrations of 2-deoxy-glucose (2-DG), a glycolysis

inhibitor. (d) Senescence levels quantified using the C;,FDG FACS senescence assay in response to senolytics dosage 50 nM dasatinib plus 50 nM

quercetin (DQ), the maximum dosage before cell death in air. (e) Glycolysis levels of sorted senescent cells using the C,;,FDG FACS senescence

assay for senescence identification. Glycolysis measured Seahorse Bioanalyzer GRA. Categories: Air unselected cells, O, unselected cells, O, cells

selected for cells with 50% least absorbance (less senescent), and 50% most absorbance (most senescent). *p < 0.05 compared to air or veh

Seahorse Bioanalyzer, we determined that 3 mM was the
minimal concentration of 2-DG needed to inhibit glycolysis
by 80% but this concentration was toxic to cells. We tried
various concentrations of 2-DG, from 0.5 to 3 mM, but none
led to a significant change in senescence in response to hy-
peroxia (Figure 5c).

In order to understand whether senescence causes changes
in glycolysis, we sought to inhibit it with known senolytics
dasatinib (D) and quercetin (Q) (Zhu et al., 2015). Varied
concentrations of the two agents were used alone and in com-
bination for 24 h without any effect on senescence levels in
hyperoxia (Figure 5d). Higher doses than 50 nM were toxic
to the cells. Therefore, we were not able to document whether
changes in senescence affect glycolysis in MLE-12 cells.
Interestingly, quercetin is also an inhibitor of glucose trans-
port and picomolar levels of quercetin alone led to increased
cell proliferation in response to hyperoxia (data not shown).

To understand whether the senescent cells contributed to
the increase in glycolysis, we sorted senescent cells identi-
fied with C;,FDG, and seeded them into Seahorse plates for

GRA analysis. Interestingly, the senescent cells had a 2.2-
fold increase in glycolysis compared to non-senescent cells
similarly exposed to hyperoxia (Figure 5e). This suggests
that senescent cells contribute more to glycolysis than non-
senescent cells. This may explain the increased glycolysis
observed after hyperoxic exposure.

4 | DISCUSSION

Hyperoxia has been shown to dysregulate p53 (O'Reilly et al.,
1998), senescence (Klimova et al., 2009; Parikh et al., 2019;
You et al., 2019), and metabolism (Das, 2013; Dennery et al.,
2018; Zhao et al., 2018). Others show that senescence is det-
rimental in most chronic lung disorders (Hamsanathan et al.,
2019), yet the role of senescence in CLD remains largely
unexplored. Specifically, there is a gap in knowledge as to
whether hyperoxia leads to senescence in ATII cells. To our
knowledge, this is the first study to show that hyperoxia ex-
posure leads to senescence that is pS3-dependent in MLE-12
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cells, a type II like cell line. Senescent cells have dysregu-
lated metabolism, and p53 plays a large role in glycolysis
(Wiley & Campisi, 2016). Notably, metabolic dysregulation
is a hallmark of the pathology of CLD as well (Dennery et al.,
2018). Because of this, we also explored the relationship be-
tween senescence and glycolysis. Here we show that prolif-
eration is inhibited when hyperoxia exposed MLE-12 cells
became senescent, and that this effect extends beyond the
period of hyperoxic exposure. Furthermore, hyperoxia leads
to increased glycolytic activity and senescent cells are highly
glycolytic compared to similarly exposed cells that are not
senescent.

Increased H2AX phosphorylation as well as increased
53BP1 expression and increased 8-oxo-2'-deoxyguanosine
staining (data not shown) suggest that hyperoxia caused DNA
damage, despite the fact that hyperoxia-induced oxidative
stress itself could increase H2AX phosphorylation indepen-
dent of DNA damage via ATM (Crowe et al., 2006). A key
response to DNA damage is the upregulation of p53 (Lakin
& Jackson, 1999; Williams & Schumacher, 2016). Indeed, we
observed that p53 mRNA was upregulated immediately after
hyperoxia. Even though overall p53 protein levels did not in-
crease, nuclear localization and p53 phosphorylation increased
in response to hyperoxia. The phosphorylation is likely medi-
ated by ATM and ATR, which are known to phosphorylate p53
at Ser15, localizing it in the nucleus (Loughery et al., 2014). It
is known that ATM and ATR are phosphorylated in response
to DNA damage (Maréchal & Zou, 2013). When measuring
senescence in the pS3KO MLE-12 cells, we observed that
hyperoxia-induced senescence was partially pS53 dependent. It
is unclear what signaling mechanisms account for the remain-
ing senescence. It is unlikely that the senescence is due to p21
in our model given that p21 transcription was ablated in the
pS3KO cells. Although pRB is required for hyperoxia-induced
senescence in lung fibroblasts (Klimova et al., 2009), this was
not the case in our study. Since pl6 exerts its function by in-
hibiting CDK4-mediated phosphorylation of pRB, hyperoxia-
induced senescence in lung epithelial cells is not dependent
on the pl6/pRB pathway. Indeed, not all forms of senescence
activate p16 pathway. This depends on the stimulus leading to
senescence and the cell type (Campisi & Fagagna, 2007). We
used activation of SA-p-gal as a marker of senescence. This
commonly used detection marker performs the hydrolysis of
p-galactosides into monosaccharides. To measure this reac-
tion, the substrate X-gal is hydrolyzed by SA-f-gal—which
generates a blue color only in senescent cells. The assay is
made more specific at pH = 6, which inhibits non-senescence
associated p-gal. Whether this increased SA-fB-gal activity in
hyperoxia-exposed cells has a physiological impact on cellular
metabolism at pH 7 remains unclear.

Others have shown that serine 15 phosphorylation is im-
portant in p53-induced senescence (Qian & Chen, 2013). We
also preliminarily observed increased serl5 phosphorylation
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and senescence in mouse lungs after exposure to hyperoxia.
(Peterson A, et al unpublished data, 2020). Overall, p53 reg-
ulation is extremely complex and may also involve other
signaling events including phosphorylation at other sites,
acetylation, and transcriptional pulse frequency (Hafner
et al., 2019; Reed & Quelle, 2015). This has not been ex-
plored in this study. The mechanism by which p53 signaling
leads to senescence in response to hyperoxia remains to be
elucidated.

Hyperoxia also led to increases in glycolysis and compen-
satory glycolysis. This is in contrast to another study show-
ing that glycolytic capacity decreases in MLE-12 exposed to
hyperoxia (Das, 2013), and that glycolysis does not change.
The differences between our findings and theirs may be due
to the specificity of the GRA we used, and the density of cells
seeded in the Seahorse plate. In fact, in other studies (Scaffa
A, et al unpublished data, 2020), we observed that MLE-12
cells allowed to recover in room air after hyperoxia show de-
creased glycolysis and glycolytic capacity, which is in agree-
ment with Das (2013). In hyperoxia, key glycolytic enzymes
such as HK2 and TIGAR regulated glycolysis were inhib-
ited by disruption of p53. Takebayashi et al. (2015) showed
through metabolomics and transcriptomics that pRB upreg-
ulates glycolytic genes in oncogene-induced senescence. In
contrast, the pPRBKO MLE-12 cells did not show reduced
glycolysis in hyperoxia suggesting a different mechanism in
non-cancer cells. We did not explore the role of Nrf2 in reg-
ulating glycolysis as has been suggested by others (Ohl et al.,
2018). It has been shown that glycolysis regulation is cell
cycle-specific (Liu et al., 2020; Salazar-Roa & Malumbres,
2017). Thus, it is possible that the higher level of glycolytic
activity seen in our study is a reflection of where these cells
arrest in the cell cycle in response to hyperoxia.

Others have shown that inhibiting glucose uptake can
delay fibroblast senescence and that overexpression of gly-
colytic enzymes such as HK2 decreases oncogene-induced
senescence (Gitenay et al., 2014; Hariton et al., 2018).
Surprisingly, we showed that p53KO MLE-12 cells had in-
creased glycolysis despite having less senescence. This may
be attributable to the fact that p53 is a well-known inhibitor
of glycolytic activity in senescent cells (Wiley & Campisi,
2016). We suspect that p53 signaling is limiting glycolysis
to suppress the exaggerated glycolytic response seen in se-
nescent cells. Further confirmation is that p53 transcription-
ally inhibited the glycolytic enzymes PFKFB3, and the rate
limiting enzyme HK2. We noticed that although the absence
of senescence leads to less cells that are highly glycolytic,
overall glycolysis levels are highly upregulated because p53
cannot inhibit glycolysis, thereby resulting in its upregula-
tion. Further studies are needed to understand how the p53
pathway and other signaling mechanisms are responsible
for increased glycolysis in senescent cells. When fibroblasts
undergo senescence, this results in a metabolic shift from
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oxidative phosphorylation to glycolysis (James et al., 2016;
James et al., 2015). Whether this occurs in MLE-12 is not
clear and whether the increased glycolysis is a compensatory
mechanism to maintain cellular energy supplies in the face of
a hyperoxia-mediated reduction in oxidative phosphorylation
is also still unclear.

We showed that the senescent cells contributed to the ma-
jority of the increased glycolytic signal seen in hyperoxia.
Glycolysis is an interesting therapeutic target for many dis-
orders including cancer, where inhibition of glycolysis may
lead to loss of ATP and cancer cell death (Zawacka-Pankau
et al.,, 2011). When glycolysis is disrupted, this leads to a
switch from senescence to apoptosis in human lung cancer
cells (Yao et al., 2017). This raises the possibility that altering
glycolysis could prevent senescence and serve as a promising
therapeutic strategy against CLD (Parikh et al., 2019). Our
study is limited by the fact that we only used one immortal-
ized MLE-12 cell line, in which disrupting glycolysis did not
diminish senescence. Whether inhibiting glycolysis would be
useful to prevent senescence in primary lung epithelial cells
exposed to hyperoxia or in mice remains to be determined.
Senescence refers to a state of cell cycle arrest in which cells
are not proliferative. Thus, follow-up experiments to detect
proliferation in cells exposed to hyperoxia and then allowed
to recover in air may help to understand whether hyperoxia
results in long term effects on senescence.

5 | CONCLUSION
In this work, we aimed to study the relationship between p53
signaling, senescence, and glycolytic metabolism in response
to hyperoxia in alveolar type Il like lung cells. We showed that
in MLE-12 cells, exposure to hyperoxia leads to senescence,
which is partially mediated by p53. Hyperoxia also leads to
increased glycolysis, which is inhibited by p53. Even though
p53 signaling leads to senescence and decreased glycolysis,
the two events are independent of each other. Whether ei-
ther senescence or altered metabolism contributes to alveolar
simplification seen in CLD is being investigated in a mouse
model. Since we show p53 activation in both mouse lungs
and Type II cells exposed to hyperoxia, we speculate that
therapeutic strategies modulating p53 and glycolysis may be
useful to mitigate the detrimental consequences of hyperoxia
in the neonatal lung. We do show that in response to hyper-
oxia, senescent cells are particularly glycolytic. Whether it
would be beneficial to target this senescent cell population
by reducing glycolysis to protect neonatal lungs exposed to
hyperoxia is an important therapeutic consideration.

ACKNOWLEDGMENTS
Wethank KevinCarlsoninthe FACS core at Brown Biomedical
Center for technical support. Lastly, we thank Dhananjay

Bhaskar from the Center for Biomedical Engineering at
Brown University (ORCID 0000-0001-8068-3101) for im-
munofluorescence image quantification support.

CONFLICT OF INTEREST
The authors have declared that no conflict of interest exists.

AUTHOR CONTRIBUTIONS

Conception and Design: AS, PAD; Data acquisition and
analysis: AS, AP, JC, DG; Data Interpretation: AS, PAD;
Drafting of the manuscript: AS, JC, PAD, HY; Revision of
the manuscript: AS, PAD, HY.

ORCID

Alejandro M. Scaffa "© https://orcid.org/0000-0002-9493-6912

REFERENCES

Barker, G. F., Manzo, N. D., Cotich, K. L., Shone, R. K., & Waxman, A.
B. (2006). DNA damage induced by hyperoxia: Quantitation and
correlation with lung injury. American Journal of Respiratory Cell
and Molecular Biology, 35(3), 277-288. https://doi.org/10.1165/
rcmb.2005-03400C

Beauséjour, C. M., Krtolica, A., Galimi, F., Narita, M., Lowe, S. W,
Yaswen, P., & Campisi, J. (2003). Reversal of human cellular se-
nescence: Roles of the p53 and p16 pathways. The EMBO Journal,
22(16), 4212-4222. https://doi.org/10.1093/emboj/cdg4 17

Bensaad, K., Tsuruta, A., Selak, M. A., Vidal, M. N. C., Nakano, K.,
Bartrons, R., Gottlieb, E., & Vousden, K. H. (2006). TIGAR, a
p53-inducible regulator of glycolysis and apoptosis. Cell, 126(1),
107-120. https://doi.org/10.1016/j.cell.2006.05.036

Berger, J., & Bhandari, V. (2014). Animal models of bronchopulmo-
nary dysplasia. The term mouse models. American Journal of
Physiology. Lung Cellular and Molecular Physiology, 307(12),
L936-947. https://doi.org/10.1152/ajplung.00159.2014

Boros, E., Gurvich, V., & Hougardy, S. (2002). Recursive generation of
partitionable graphs. Journal of Graph Theory, 41(4), 259-285.
https://doi.org/10.1002/jgt.10067

Campisi, J., & Fagagna, F. D. (2007). Cellular senescence: When bad
things happen to good cells. Nature Reviews Molecular Cell
Biology, 8(9), 729-740. https://doi.org/10.1038/nrm2233

Childs, B. G., Baker, D. J., Kirkland, J. L., Campisi, J., & van Deursen,
J. M. (2014). Senescence and apoptosis: Dueling or complemen-
tary cell fates? EMBO Reports, 15(11), 1139-1153. https://doi.
org/10.15252/embr.201439245

Coppé, J.-P., Desprez, P.-Y., Krtolica, A., & Campisi, J. (2010). The
senescence-associated secretory phenotype: The dark side of tumor
suppression. Annual Review of Pathology, 5, 99—118. https://doi.
org/10.1146/annurev-pathol-121808-102144

Crowe, S. A., Movsesyan, V. A.,Jorgensen, T. J., & Kondratyev, A. (2006).
Rapid phosphorylation of histone H2A.X following ionotropic gluta-
mate receptor activation. European Journal of Neuroscience, 23(9),
2351-2361. https://doi.org/10.1111/j.1460-9568.2006.04768.x

Das, K. C. (2013). Hyperoxia decreases glycolytic capacity, glycolytic
reserve and oxidative phosphorylation in MLE-12 cells and in-
hibits complex I and II function, but not complex IV in isolated
mouse lung mitochondria. PLoS One, 8(9), €73358. https://doi.
org/10.1371/journal.pone.0073358


https://orcid.org/0000-0002-9493-6912
https://orcid.org/0000-0002-9493-6912
https://doi.org/10.1165/rcmb.2005-0340OC
https://doi.org/10.1165/rcmb.2005-0340OC
https://doi.org/10.1093/emboj/cdg417
https://doi.org/10.1016/j.cell.2006.05.036
https://doi.org/10.1152/ajplung.00159.2014
https://doi.org/10.1002/jgt.10067
https://doi.org/10.1038/nrm2233
https://doi.org/10.15252/embr.201439245
https://doi.org/10.15252/embr.201439245
https://doi.org/10.1146/annurev-pathol-121808-102144
https://doi.org/10.1146/annurev-pathol-121808-102144
https://doi.org/10.1111/j.1460-9568.2006.04768.x
https://doi.org/10.1371/journal.pone.0073358
https://doi.org/10.1371/journal.pone.0073358

SCAFFA ET AL.

| 11 of 13

Debacq-Chainiaux, F., Erusalimsky, J. D., Campisi, J., & Toussaint,
0. (2009). Protocols to detect senescence-associated beta-
galactosidase (SA-Bgal) activity, a biomarker of senescent cells in
culture and in vivo. Nature Protocols, 4(12), 1798-1806. https://
doi.org/10.1038/nprot.2009.191

Demaria, M., O'Leary, M. N., Chang, J., Shao, L., Liu, S. U., Alimirah,
F., Koenig, K., Le, C., Mitin, N., Deal, A. M., Alston, S.,
Academia, E. C., Kilmarx, S., Valdovinos, A., Wang, B., de Bruin,
A., Kennedy, B. K., Melov, S., Zhou, D., ... Campisi, J. (2017).
Cellular senescence promotes adverse effects of chemotherapy
and cancer relapse. Cancer Discovery, 7(2), 165-176. https://doi.
org/10.1158/2159-8290.CD-16-0241

Dennery, P. A, Carr, J., Peterson, A., & Yao, H. (2018). The role of
mitochondrial fatty acid use in neonatal lung injury and re-
pair. Transactions of the American Clinical and Climatological
Association, 129, 195-201.

Dimri, G. P, Lee, X., Basile, G., Acosta, M., Scott, G., Roskelley,
C., Medrano, E. E., Linskens, M., Rubelj, 1., & Pereira-Smith,
0. (1995). A biomarker that identifies senescent human cells in
culture and in aging skin in vivo. Proceedings of the National
Academy of Sciences of the United States of America, 92(20),
9363-9367. https://doi.org/10.1073/pnas.92.20.9363

Donaldson, J. G. (2001). Immunofluorescence staining. Current
Protocols in Cell Biology, Chapter 4, Unit-4.3. https://doi.
org/10.1002/0471143030.cb0403s00

Fernandez-Vidal, A., Vignard, J., & Mirey, G. (2017). Around and be-
yond 53BP1 nuclear bodies. International Journal of Molecular
Sciences, 18(12), https://doi.org/10.3390/ijms18122611

Gitenay, D., Wiel, C., Lallet-Daher, H., Vindrieux, D., Aubert, S.,
Payen, L., Simonnet, H., & Bernard, D. (2014). Glucose metab-
olism and hexosamine pathway regulate oncogene-induced senes-
cence. Cell Death & Disease, 5(2), e1089. https://doi.org/10.1038/
cddis.2014.63

Hafner, A., Bulyk, M. L., Jambhekar, A., & Lahav, G. (2019). The mul-
tiple mechanisms that regulate p53 activity and cell fate. Nature
Reviews Molecular Cell Biology, 20(4), 199-210. https://doi.
org/10.1038/s41580-019-0110-x

Hamsanathan, S., Alder, J. K., Sellares, J., Rojas, M., Gurkar, A. U.,
& Mora, A. L. (2019). Cellular senescence: The Trojan horse
in chronic lung diseases. American Journal of Respiratory Cell
and Molecular Biology, 61(1), 21-30. https://doi.org/10.1165/
remb.2018-0410TR

Hariton, F., Xue, M., Rabbani, N., Fowler, M., & Thornalley, P. J.
(2018). Sulforaphane delays fibroblast senescence by curbing cel-
lular glucose uptake, increased glycolysis, and oxidative damage.
Oxidative Medicine and Cellular Longevity, 2018, 16. https://doi.
org/10.1155/2018/5642148

Hilgendorff, A., & O'Reilly, M. A. (2015). Bronchopulmonary
dysplasia early changes leading to long-term consequences.
Frontiers in Medicine (Lausanne), 2, 2. https://doi.org/10.3389/
fmed.2015.00002

Itahana, K., Itahana, Y., & Dimri, G. P. (2013). Colorimetric detection
of senescence-associated [ galactosidase. Methods in Molecular
Biology (Clifton, N.J.), 965, 143—156. https://doi.org/10.1007/978-
1-62703-239-1_8

Itahana, Y., & Itahana, K. (2018). Emerging roles of p53 family mem-
bers in glucose metabolism. International Journal of Molecular
Sciences, 19(3), 776. https://doi.org/10.3390/ijms 19030776

James, E. L., Lane, J. A., Michalek, R. D., Karoly, E. D., & Parkinson,
E. K. (2016). Replicatively senescent human fibroblasts reveal a

Physiological Reports

distinct intracellular metabolic profile with alterations in NAD+
and nicotinamide metabolism. Scientific Reports, 6, 38489. https://
doi.org/10.1038/srep38489

James, E. L., Michalek, R. D., Pitiyage, G. N., de Castro, A. M.,
Vignola, K. S., Jones, J., Mohney, R. P., Karoly, E. D., Prime, S.
S., & Parkinson, E. K. (2015). Senescent human fibroblasts show
increased glycolysis and redox homeostasis with extracellular me-
tabolomes that overlap with those of irreparable DNA damage,
aging, and disease. Journal of Proteome Research, 14(4), 1854—
1871. https://doi.org/10.1021/pr501221¢g

Jiang, P., Du, W., Mancuso, A., Wellen, K. E., & Yang, X. (2013). Reciprocal
regulation of p53 and malic enzymes modulates metabolism and se-
nescence. Nature, 493, 689. https://doi.org/10.1038/nature11776

Kleiner, R. E., Verma, P., Molloy, K. R., Chait, B. T., & Kapoor, T. M.
(2015). Chemical proteomics reveals a YH2AX-53BP1 interaction
in the DNA damage response. Nature Chemical Biology, 11(10),
807-814. https://doi.org/10.1038/nchembio.1908

Klimova, T. A., Bell, E. L., Shroff, E. H., Weinberg, F. D., Snyder, C.
M., Dimri, G. P., Schumacker, P. T., Budinger, G. R. S., & Chandel,
N. S. (2009). Hyperoxia-induced premature senescence requires
p53 and pRb, but not mitochondrial matrix ROS. FASEB Journal,
23(3), 783-794. https://doi.org/10.1096/1j.08-114256

Kondoh, H., Lleonart, M. E., Gil, J., Wang, J., Degan, P., Peters, G., &
Beach, D. (2005). Glycolytic enzymes can modulate cellular life
span. Cancer Research, 65(1), 177-185.

Kurzner, S. 1., Garg, M., Bautista, D. B., Sargent, C. W., Bowman, M.,
& Keens, T. G. (1988). Growth failure in bronchopulmonary dys-
plasia: Elevated metabolic rates and pulmonary mechanics. The
Journal of Pediatrics, 112(1), 73-80. https://doi.org/10.1016/
S0022-3476(88)80126-4

La Frano, M. R., Fahrmann, J. F., Grapov, D., Fiehn, O., Pedersen,
T. L., Newman, J. W., Underwood, M. A., Steinhorn, R. H., &
Wedgwood, S. (2017). Metabolic perturbations of postnatal
growth restriction and hyperoxia-induced pulmonary hypertension
in a bronchopulmonary dysplasia model. Metabolomics, 13(4), 32.
https://doi.org/10.1007/s11306-017-1170-6

Lakin, N. D., & Jackson, S. P. (1999). Regulation of p53 in response to
DNA damage. Oncogene, 18(53), 7644-7655.

Le, O. N. L., Rodier, F., Fontaine, F., Coppe, J.-P., Campisi, J.,
DeGregori, J., Laverdiere, C., Kokta, V., Haddad, E., &
Beauséjour, C. M. (2010). Ionizing radiation-induced long-term
expression of senescence markers in mice is independent of
p53 and immune status. Aging Cell, 9(3), 398-409. https://doi.
org/10.1111/5.1474-9726.2010.00567.x

Liu, J., Peng, Y., Shi, L. E., Wan, L., Inuzuka, H., Long, J., Guo,
J., Zhang, J., Yuan, M., Zhang, S., Wang, X., Gao, J., Dai, X.,
Furumoto, S., Jia, L., Pandolfi, P. P., Asara, J. M., Kaelin, W. G.,
Liu, J., & Wei, W. (2020). Skp2 dictates cell cycle-dependent
metabolic oscillation between glycolysis and TCA cycle. Cell
Research, https://doi.org/10.1038/s41422-020-0372-z

Liu, J., Zhang, C., Hu, W., & Feng, Z. (2019). Tumor suppressor p53
and metabolism. Journal of Molecular Cell Biology, 11(4), 284—
292. https://doi.org/10.1093/jmcb/mjy070.

Loughery, J., Cox, M., Smith, L. M., & Meek, D. W. (2014). Critical
role for p53-serine 15 phosphorylation in stimulating transactiva-
tion at p5S3-responsive promoters. Nucleic Acids Research, 42(12),
7666-7680. https://doi.org/10.1093/nar/gku501

Mahmood, T., & Yang, P.-C. (2012). Western blot: Technique, theory,
and trouble shooting. North American Journal of Medical Sciences,
4(9), 429-434. https://doi.org/10.4103/1947-2714.100998


https://doi.org/10.1038/nprot.2009.191
https://doi.org/10.1038/nprot.2009.191
https://doi.org/10.1158/2159-8290.CD-16-0241
https://doi.org/10.1158/2159-8290.CD-16-0241
https://doi.org/10.1073/pnas.92.20.9363
https://doi.org/10.1002/0471143030.cb0403s00
https://doi.org/10.1002/0471143030.cb0403s00
https://doi.org/10.3390/ijms18122611
https://doi.org/10.1038/cddis.2014.63
https://doi.org/10.1038/cddis.2014.63
https://doi.org/10.1038/s41580-019-0110-x
https://doi.org/10.1038/s41580-019-0110-x
https://doi.org/10.1165/rcmb.2018-0410TR
https://doi.org/10.1165/rcmb.2018-0410TR
https://doi.org/10.1155/2018/5642148
https://doi.org/10.1155/2018/5642148
https://doi.org/10.3389/fmed.2015.00002
https://doi.org/10.3389/fmed.2015.00002
https://doi.org/10.1007/978-1-62703-239-1_8
https://doi.org/10.1007/978-1-62703-239-1_8
https://doi.org/10.3390/ijms19030776
https://doi.org/10.1038/srep38489
https://doi.org/10.1038/srep38489
https://doi.org/10.1021/pr501221g
https://doi.org/10.1038/nature11776
https://doi.org/10.1038/nchembio.1908
https://doi.org/10.1096/fj.08-114256
https://doi.org/10.1016/S0022-3476(88)80126-4
https://doi.org/10.1016/S0022-3476(88)80126-4
https://doi.org/10.1007/s11306-017-1170-6
https://doi.org/10.1111/j.1474-9726.2010.00567.x
https://doi.org/10.1111/j.1474-9726.2010.00567.x
https://doi.org/10.1038/s41422-020-0372-z
https://doi.org/10.1093/jmcb/mjy070
https://doi.org/10.1093/nar/gku501
https://doi.org/10.4103/1947-2714.100998

12 0f 13 . . e
0—|Phy5|o|og|ca| Reports gl N\, Bisooscs

SCAFFA ET AL.

Mantell, L. L., Horowitz, S., Davis, J. M., & Kazzaz, J. A. (1999).
Hyperoxia-induced cell death in the lung-the correlation of
apoptosis, necrosis, and inflammation. Annals of the New York
Academy of Sciences, 887(1), 171-180. https://doi.org/10.1111/
j-1749-6632.1999.tb07931.x

Maréchal, A., & Zou, L. (2013). DNA damage sensing by the ATM and
ATR kinases. Cold Spring Harbor Perspectives in Biology, 5(9),
https://doi.org/10.1101/cshperspect.a012716

Melnikova, V. O., Santamaria, A. B., Bolshakov, S. V., & Ananthaswamy,
H. N. (2003). Mutant p53 is constitutively phosphorylated at
Serine 15 in UV-induced mouse skin tumors: Involvement of
ERK1/2 MAP kinase. Oncogene, 22(38), 5958-5966. https://doi.
org/10.1038/sj.0nc.1206595

Mikawa, T., Maruyama, T., Okamoto, K., Nakagama, H., Lleonart,
M. E., Tsusaka, T., Hori, K., Murakami, I., Izumi, T., Takaori-
Kondo, A., Yokode, M., Peters, G., Beach, D., & Kondoh,
H. (2014). Senescence-inducing stress promotes proteoly-
sis of phosphoglycerate mutase via ubiquitin ligase Mdm?2.
The Journal of Cell Biology, 204(5), 729-745. https://doi.
org/10.1083/jcb.201306149

Nova, Z., Skovierova, H., & Calkovska, A. (2019). Alveolar-capillary
membrane-related pulmonary cells as a target in endotoxin-
induced acute lung injury. International Journal of Molecular
Sciences, 20(4), 831. https://www.mdpi.com/1422-0067/20/4/831

Ohl, K., Fragoulis, A., Klemm, P., Baumeister, J., Klock, W., Verjans,
E., Boll, S., Mollmann, J., Lehrke, M., Costa, 1., Denecke, B.,
Schippers, A., Roth, J., Wagner, N., Wruck, C., & Tenbrock, K.
(2018). Nrf2 is a central regulator of metabolic reprogramming
of myeloid-derived suppressor cells in steady state and sep-
sis. Frontiers in Immunology, 9(1552), https://doi.org/10.3389/
fimmu.2018.01552

Olajuyin, A. M., Zhang, X., & Ji, H.-L. (2019). Alveolar type 2 progen-
itor cells for lung injury repair. Cell Death Discovery, 5(1), 63.
https://doi.org/10.1038/s41420-019-0147-9

O'Reilly, M. A., Staversky, R.J., Stripp, B. R., & Finkelstein, J. N. (1998).
Exposure to hyperoxia induces p53 expression in mouse lung ep-
ithelium. American Journal of Respiratory Cell and Molecular
Biology, 18(1), 43-50. https://doi.org/10.1165/ajrcmb.18.1.2950m

Panier, S., & Boulton, S. J. (2014). Double-strand break repair: 53BP1
comes into focus. Nature Reviews Molecular Cell Biology, 15(1),
7-18. https://doi.org/10.1038/nrm3719

Parikh, P., Britt, R. D., Manlove, L. J., Wicher, S. A., Roesler, A.,
Ravix, J., Teske, J., Thompson, M. A., Sieck, G. C., Kirkland, J. L.,
LeBrasseur, N., Tschumperlin, D. J., Pabelick, C. M., & Prakash,
Y. S. (2019). Hyperoxia-induced cellular senescence in fetal air-
way smooth muscle cells. American Journal of Respiratory Cell
and Molecular Biology, 61(1), 51-60. https://doi.org/10.1165/
remb.2018-01760C

Puzio-Kuter, A. M. (2011). The role of p53 in metabolic regulation.
Genes & Cancer, 2(4), 385-391. https://doi.org/10.1177/19476
01911409738

Qian, Y., & Chen, X. (2013). Senescence regulation by the p53 protein
family. Methods in Molecular Biology (Clifton, N.J.), 965, 37-61.
https://doi.org/10.1007/978-1-62703-239-1_3

Reed, S. M., & Quelle, D. E. (2015). p53 acetylation: Regulation and
consequences. Cancers, 7(1), 30-69.

Romero, N., Swain, P., & Neilson, A. (2017). Improving quantification
of cellular glycolytic rate using Agilent Seahorse XF Technology
(White Paper) (pp. 1-10). Agilent Technologies. Inc.

Salazar-Roa, H., & Malumbres, M. (2017). Fueling the cell divi-
sion cycle. Trends in Cell Biology, 27(1), 69-81. https://doi.
org/10.1016/j.tcb.2016.08.009

Storer, M., Mas, A., Robert-Moreno, A., Pecoraro, M., Ortells, M. C.,
Di Giacomo, V., Yosef, R., Pilpel, N., Krizhanovsky, V., Sharpe,
J., & Keyes, W. M. (2013). Senescence is a developmental mech-
anism that contributes to embryonic growth and patterning. Cell,
155(5), 1119-1130. https://doi.org/10.1016/j.cell.2013.10.041

Takebayashi, S.-I., Tanaka, H., Hino, S., Nakatsu, Y., Igata, T.,
Sakamoto, A., Narita, M., & Nakao, M. (2015). Retinoblastoma
protein promotes oxidative phosphorylation through upregulation
of glycolytic genes in oncogene-induced senescent cells. Aging
Cell, 14(4), 689-697.

Thébaud, B., Goss, K. N., Laughon, M., Whitsett, J. A., Abman, S. H.,
Steinhorn, R. H., Aschner, J. L., Davis, P. G., McGrath-Morrow,
S. A., Soll, R. F.,, & Jobe, A. H. (2019). Bronchopulmonary dys-
plasia. Nature Reviews. Disease Primers, 5(1), 78. https://doi.
org/10.1038/s41572-019-0127-7

Vaughan, A. E., & Chapman, H. A. (2017). Failure of alveolar type 2
cell maintenance links neonatal distress with adult lung disease.
American Journal of Respiratory Cell and Molecular Biology,
56(4), 415-416. https://doi.org/10.1165/rcmb.2016-0411ED

Wang, L., Xiong, H., Wu, F., Zhang, Y., Wang, J. 1., Zhao, L., Guo,
X., Chang, L.-J., Zhang, Y., You, M. J., Koochekpour, S., Saleem,
M., Huang, H., Lu, J., & Deng, Y. (2014). Hexokinase 2-mediated
Warburg effect is required for PTEN- and p53-deficiency-driven
prostate cancer growth. Cell Reports, 8(5), 1461-1474. https://doi.
org/10.1016/j.celrep.2014.07.053

Wiley, C. D., & Campisi, J. (2016). From ancient pathways to aging cells-
connecting metabolism and cellular senescence. Cell Metabolism,
23(6), 1013-1021. https://doi.org/10.1016/j.cmet.2016.05.010

Williams, A. B., & Schumacher, B. (2016). p53 in the DNA-damage-
repair process. Cold Spring Harbor Perspectives in Medicine, 6(5),
a026070. https://doi.org/10.1101/cshperspect.a026070

Yao, G.-D., Yang, J., Li, X.-X., Song, X.-Y., Hayashi, T., Tashiro, S.-I.,
Onodera, S., Song, S.-J., & Ikejima, T. (2017). Blocking the uti-
lization of glucose induces the switch from senescence to apopto-
sis in pseudolaric acid B-treated human lung cancer cells in vitro.
Acta Pharmacologica Sinica, 38(10), 1401-1411. https://doi.
org/10.1038/aps.2017.39

You, K., Parikh, P., Khandalavala, K., Wicher, S. A., Manlove, L., Yang,
B., Roesler, A., Roos, B. B., Teske, J. J., Britt, R. D., Pabelick,
C. M., & Prakash, Y. S. (2019). Moderate hyperoxia induces se-
nescence in developing human lung fibroblasts. American Journal
of Physiology-Lung Cellular and Molecular Physiology, 317(5),
L525-1.536. https://doi.org/10.1152/ajplung.00067.2019

Zawacka-Pankau, J., Grinkevich, V. V., Hiinten, S., Nikulenkov, F.,
Gluch, A., Li, H., Enge, M., Kel, A., & Selivanova, G. (2011).
Inhibition of glycolytic enzymes mediated by pharmacologically
activated p53: Targeting Warburg effect to fight cancer. Journal
of Biological Chemistry, 286(48), 41600-41615. https://doi.
org/10.1074/jbc.M111.240812

Zhang, C., Liu, J., Liang, Y., Wu, R., Zhao, Y., Hong, X., Lin,
M., Yu, H.,, Liu, L., Levine, A. J., Hu, W., & Feng, Z. (2013).
Tumour-associated mutant p53 drives the Warburg effect. Nature
Communications, 4(1). https://doi.org/10.1038/ncomms3935.

Zhao, H., Dennery, P. A., & Yao, H. (2018). Metabolic reprogramming
in the pathogenesis of chronic lung diseases, including BPD,
COPD, and pulmonary fibrosis. American Journal of Physiology.


https://doi.org/10.1111/j.1749-6632.1999.tb07931.x
https://doi.org/10.1111/j.1749-6632.1999.tb07931.x
https://doi.org/10.1101/cshperspect.a012716
https://doi.org/10.1038/sj.onc.1206595
https://doi.org/10.1038/sj.onc.1206595
https://doi.org/10.1083/jcb.201306149
https://doi.org/10.1083/jcb.201306149
https://www.mdpi.com/1422-0067/20/4/831
https://doi.org/10.3389/fimmu.2018.01552
https://doi.org/10.3389/fimmu.2018.01552
https://doi.org/10.1038/s41420-019-0147-9
https://doi.org/10.1165/ajrcmb.18.1.2950m
https://doi.org/10.1038/nrm3719
https://doi.org/10.1165/rcmb.2018-0176OC
https://doi.org/10.1165/rcmb.2018-0176OC
https://doi.org/10.1177/1947601911409738
https://doi.org/10.1177/1947601911409738
https://doi.org/10.1007/978-1-62703-239-1_3
https://doi.org/10.1016/j.tcb.2016.08.009
https://doi.org/10.1016/j.tcb.2016.08.009
https://doi.org/10.1016/j.cell.2013.10.041
https://doi.org/10.1038/s41572-019-0127-7
https://doi.org/10.1038/s41572-019-0127-7
https://doi.org/10.1165/rcmb.2016-0411ED
https://doi.org/10.1016/j.celrep.2014.07.053
https://doi.org/10.1016/j.celrep.2014.07.053
https://doi.org/10.1016/j.cmet.2016.05.010
https://doi.org/10.1101/cshperspect.a026070
https://doi.org/10.1038/aps.2017.39
https://doi.org/10.1038/aps.2017.39
https://doi.org/10.1152/ajplung.00067.2019
https://doi.org/10.1074/jbc.M111.240812
https://doi.org/10.1074/jbc.M111.240812
https://doi.org/10.1038/ncomms3935

SCAFFA ET AL.

| 13 of 13

Lung Cellular and Molecular Physiology, 314(4), 1.544-1.554.
https://doi.org/10.1152/ajplung.00521.2017

Zhu, Y. 1., Tchkonia, T., Pirtskhalava, T., Gower, A. C., Ding, H.,
Giorgadze, N., Palmer, A. K., Ikeno, Y., Hubbard, G. B., Lenburg,
M., O'Hara, S. P.,, LaRusso, N. F., Miller, J. D., Roos, C. M.,
Verzosa, G. C., LeBrasseur, N. K., Wren, J. D., Farr, J. N., Khosla,
S., ... Kirkland, J. L. (2015). The Achilles’ heel of senescent cells:
From transcriptome to senolytic drugs. Aging Cell, 14(4), 644—
658. https://doi.org/10.1111/acel.12344

&éaﬁde’{y el Physiological Reports

How to cite this article: Scaffa AM, Peterson AL,
Carr JF, Garcia D, Yao H, Dennery PA. Hyperoxia
causes senescence and increases glycolysis in cultured
lung epithelial cells. Physiol Rep. 2021;9:e14839.
https://doi.org/10.14814/phy2.14839



https://doi.org/10.1152/ajplung.00521.2017
https://doi.org/10.1111/acel.12344
https://doi.org/10.14814/phy2.14839

