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Abstract: Standard cell culture is routinely performed at supraphysiological oxygen concentrations
(~18% Oz). Conversely, oxygen levels in most tissues range from 1%—6% (physioxia). Such hyperoxic
conditions can alter reactive oxygen species (ROS) production, energy metabolism, mitochondrial
network dynamics, and response to drugs and hormones. The aim of this project was to investigate
the transcriptional response to different oxygen levels and whether it is similar across cell lines, or
cell-line specific. Using RNA-seq, we performed differential gene expression and functional enrich-
ment analyses in four human cancer cell lines, LNCaP, Huh-7, PC-3, and SH-SY5Y cultured at either
5% or 18% oxygen for 14 days. We found that oxygen levels affected transcript abundance of hun-
dreds of genes, with the affected genes having little overlap between cell lines. Functional enrich-
ment analysis also revealed different processes and pathways being affected in each cell line. Inter-
estingly, we found that the top differentially expressed genes are involved in cancer biology. Fur-
ther, we observed several hypoxia-inducible factor (HIF) targets upregulated at 5% oxygen, sug-
gesting a role of HIF at physiological oxygen conditions. Finally, oxygen strongly induced transcrip-
tion of mitochondrial genes in most cell lines, in a cell-type specific manner too. We conclude that
cellular response to oxygen is widely cell-type specific, emphasizing the importance of maintaining
physioxia in cell culture.
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1. Introduction

The goal of mammalian cell culture is typically to model cell function in vivo. How-
ever, while cells in most mammalian tissues are exposed to 1%—6% oxygen in vivo, cell
culture is routinely performed in incubators that regulate CO:z but not Oz, thus with Oz
equilibrating to ~18% O2. Despite often referred to as ‘normoxia’, 18% Oz is actually sub-
stantially hyperoxic relative to in vivo. An increasing amount of evidence has been show-
ing that the hyperoxic conditions of cell culture affect multiple O:-dependent processes,
including ROS production [1], redox homeostasis [2], proliferation and differentiation [3],
bioenergetics [4], mitochondrial network dynamics [4], and response to drugs [5] and hor-
mones [6]. These effects of non-physiologically high O: levels can compromise the ability
of cell culture models to recapitulate in vivo disease pathophysiology.

To gain a better understanding of how the hyperoxia of cell culture affects cancer
cells, we used RNA-seq to analyze differential gene expression of four human cancer cell
lines cultured for at least 14 days at either 5% O: (physioxia) or 18% Oz. The cell lines used
in this project were LNCaP (prostate cancer), Huh-7 (hepatocarcinoma), PC-3 (prostate
cancer), and SH-SY5Y (neuroblastoma). Using this approach, we asked whether transcrip-
tomes of all four cell lines were sensitive to Oz levels in this range, and whether the effects
of O2 were similar amongst cell lines, or cell-line specific. We found that the effects of Oz
on transcriptomes were substantial and highly cell-line specific.

2. Materials and Methods

© 2022 by the author(s). Distributed under a Creative Commons CC BY license.
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2.1. Cell Culture

LNCaP, SH-SY5Y, Huh-7, and PC-3 cell lines were purchased from ATCC (Manas-
sas, VA, USA). Cells were cultured in 10-cm plates with Plasmax (Ximbio, London, UK)
supplemented with 2.5% FBS and 1% penicillin/streptomycin (Sigma-Aldrich; St. Louis,
MO, USA). All cell lines were incubated in a humidified 5% CO: incubator at either 5% or
18% O2. Three replicates per each cell line were used in each condition. For the experi-
mental groups kept at 5% Oz, Plasmax media was preincubated in the 5% O: incubator to
allow for gas equilibration. Sub-culture was performed with 0.25% Trypsin-EDTA
(Sigma-Aldrich, St. Louis, MO, USA) every 3 or 4 days, when cells reached ~80% conflu-
ence. Media was refreshed every 24 h. Cell culture was performed for 2 weeks. Cells were
seeded at a density of 2x10¢ cells/plate prior to RNA extraction.

2.2. RNA Isolation

Total RNA was extracted using the RNeasy Plus Mini Kit (QIAGEN, Toronto, ON,
Canada) according to the manufacturer’s instructions. RNA integrity was assessed using
1.5% agarose gel electrophoresis, while RNA concentration and purity were evaluated as
A260/280 ratio using a Thermo Fisher Scientific Nanodrop spectrophotometer. RNA sam-
ples were snap frozen in liquid nitrogen and stored at -80°C until being sent to Novogene
(Sacramento, CA, USA) for sequencing and analysis.

2.3. Sequencing and Differential Gene Expression Analysis

Quality check (QC), library preparation, and sequencing were performed by Novo-
gene. Paired-end at 150 bp (PE150) high throughput Illumina sequencing was performed
at a sequencing depth of 40 million reads per sample. Reads were aligned to the Homo
sapiens reference genome (GRCh38) using Hisat2 v2.0.5 [7]. Gene expression levels were
estimated by calculating FPKM (fragments per kilobase of transcript per million mapped
sequence reads), which were further adjusted by edgeR program package [8] through one
scaling normalized factor. Differential expression analysis was performed using the
edgeR R package. A p-value<0.05 and logz2| FC1>1 were set as threshold for significantly
differential expression.

2.4. Functional Enrichment Analysis

The list of DEGs was further reduced to genes with a Benjamini adjusted p-value
(padj) < 0.1 and a FPKM=21 in at least one of the experimental groups in order to produce a
concise list of enrichment terms which reflect the most strongly affected genes. Functional
enrichment analysis was performed using the Database for Annotation, Visualization, and
Integrated Discovery (DAVID) [9]. Enriched Gene Ontology (GO) terms, Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathways, and Reactome pathways were selected
for functional annotation. A raw p-value and Benjamini adjusted p-value (padj) of 0.05
were applied for identifying the most statistically significant enriched annotation terms.

3. Results

3.1. Oxygen levels in culture strongly modulated transcript abundance cell-line specifically

The abundance of over a thousand transcripts were affected by oxygen in each cell
line. In general, more DEGs showed higher expression at 5% Oz than at 18% in all cell
lines. In addition, there was substantial variation between the four cell lines in their sen-
sitivities to Oz (Figure 1A). For example, 2126 DEGs were identified in LNCaP cells, in-
cluding 433 upregulated at 18% Oz and 1693 at 5%. In contrast, SH-SY5Y was shown to be
the least sensitive to Oz among the cell lines, with only 386 transcripts upregulated at 18%
O2 and 848 at 5%. The full lists of DEGs for LNCaP, Huh-7, PC-3, and SH-SY5Y cells are
available in Tables S1, S2, S3, and 5S4, respectively.

A remarkable result was the extremely limited overlap between cell lines in terms of
the identities of the DEGs (Figure 1B). Only four genes were identified as being O»-
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sensitive in all four cell lines. Even amongst the two prostate cancer cell lines, LNCaP and
PC-3, where 2126 and 1461 were differentially expressed, respectively, only 192 were com-
mon to both cell lines. Similarly, of the 2099 transcripts affected by Oz in Huh7 cells, 1638
were exclusively affected in this cell line. This indicates that Oz effects on gene expression
are highly specific to a given cell line. This in turn makes it difficult to predict how the
non-physiological Oz levels of standard cell culture are affecting cell biology in general
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Figure 1. A) Number of differentially expressed genes (DEGs) upregulated at 5% and 18% Oz in
each cell line. B) Overlap of all DEGs affected by O2 among the cell lines.

Functional enrichment analysis revealed that different biological processes and path-
ways were enriched by oxygen level in the four cell lines (Figure 2). For example, the most
significantly affected pathway in LNCaP cells was TGF-f signaling (pa<0.05), which was
found to be enriched at 18% O:z. In Huh-7 cells, pathways such as extracellular matrix
(ECM) organization (padj<0.005) and drug metabolism by the cytochrome P450 (CYP450)
enzymes (padj<0.05) were most strongly enriched at 18% O, while oxidative phosphoryla-
tion (pa¢i<0.005) and oxidative stress-induced senescence (paq<0.05) were enriched at 5%
Oz. Interestingly, in contrast to Huh-7 cells, both PC-3 and SH-SY5Y showed enrichment
of annotation terms related to mitochondrial respiration and oxidative phosphorylation
at 5% Oz (see Figure 2). Signaling by interleukins (pa¢j<0.05) and neurogenesis (padj<0.005)
were among the processes enriched at 18% Oz in SH-SY5Y cells. The full lists of functional
annotation terms enriched by Oz level in all cell lines are available in Tables S5-S12.
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Figure 2. Selection of functional annotation terms enriched at 5% and 18% Oz in A) LNCaP, B) Huh-
7, C) PC-3, and D) SH-SY5Y cells. GO, gene ontology; CC, cellular component; MF, molecular func-
tion; KEGG, Kyoto encyclopedia of genes and genomes. (* padj<0.05, ** padj<0.005, otherwise p<0.05)

3.2. The top differentially expressed genes have key roles in cancer cell biology

By sorting the DEGs according to their adjusted p-value, we found that most of the
genes highly affected by O: are implicated in cancer cell biology, including several with
roles in cell proliferation, tumor progression, metastasis, invasion, and chemosensitivity
to anticancer therapy. A selection of these genes is shown in Table 1. The complete list of
top 10 DEGs in all cell lines at both Oz conditions and their corresponding log2FC values
is shown in Figure 3.
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Table 1. Selected DEGs with important roles in cancer biology

Gene symbol Gene name Role in cancer biology Log:FC at 18%  Refs.
vs. 5% Ozt

LNCaP

ID1, ID3 ** Inhibitor of DNA bind- Transcription factor repressors; mediate me- +2.50, +2.02 [10]
ing 1 and Inhibitor of tastasis, androgen resistance, and chemo-
DNA binding 3 resistance.

CHACT ** ChaC glutathione spe- Degrades glutathione. Involved in ferropto- -2.81 [11]
cific gamma-glutamyl- sis; associated with increased chemosensitiv-
cyclotransferase 1 ity.

Huh-7

S100A9 ** 5100 calcium binding TLR4 and RAGE ligand, promotes HCC pro- +3.37 [12]
protein A9 gression through MAPK and NF-«B path-

ways.

SLC3A2** Solute carrier family 2 Selective glucose uniporter. Expression is cor- -5.74 [13]

(GLUT3) member 3 related with HCC growth/invasion.

PC-3

GREB1 Growth regulating es- Regulated by androgens, contributes to pros- +7.03 [14]
trogen receptor binding tate cancer growth and antiandrogen re-

sistance.

ADAM33 * ADAM  metallopepti- Methylation and upregulation observed in —4.79 [15]
dase domain 33 breast cancer.

SH-SY5Y

MMP1 Matrix =~ metallopepti- Upregulated in a wide variety of cancer types. +1.90 [16]
dase 1

CSAG2 ** CSAG family member 2  Firstisolated from taxol-resistant ovarian can- -3.69 [17]

(TRAG-3) cer cell line. Overexpressed in many cancer

types, correlated with tumor progression.

* padj<0.05, ** padj<0.005, otherwise p<0.05. tPositive value means gene is upregulated at 18% Oz while negative
value indicates upregulation at 5% O:z. Abbreviations: GLUT3, glucose transporter 3; HCC, hepatocellular carcinoma;
MAPK, mitogen-activated protein kinase; NF-«B, nuclear factor kappa B; RAGE, receptor for advanced glycation
end-products; TLR4, toll-like receptor 4; TRAG-3, taxol-resistance associated gene 3.
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Figure 3. Top 10 differentially expressed genes in (A) LNCaP cells, (B) Huh-7 cells, (C) PC-3 cells,
and (D) SH-SY5Y cells at 18% Oz vs 5% Ox. (* Padj<0.05, ** padi<0.005, otherwise p<0.05)

3.2. Oxygen levels affected mtDNA-encoded transcript abundances in most cell lines

Oxygen induced differential expression of mtDNA-encoded genes in most cell lines
(Table 2). In Huh-7 cells, 11 mtDNA-encoded gene transcripts were affected by Oz, among
which six are subunits of respiratory complexes I, IV, and V, while the rest are mitochon-
drial tRNAs. Interestingly, all of these were upregulated at 18% Oz. Eleven mtDNA-en-
coded genes were affected by Oz in PC-3 cells and 10 in SH-SY5Y, however, all were up-
regulated at 5% O, in striking contrast with the observation in Huh-7 cells. Again, these
DEGs encoded subunits of the respiratory chain or tRNAs. In contrast, only two mtDNA-
encoded genes were affected in LNCaP. These results suggest that O: levels in cell culture
affect the expression of mtDNA-encoded genes, but in a highly cell-type specific manner.
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Table 2. Mitochondrially-encoded genes differentially expressed at 5% or 18% Oz in all cell lines

Gene symbol Gene name Description/role Log:FC at
18% Oz2vs
5% O2

LNCaP

MT-TL2 Mitochondrially encoded tRNA leucine 2  Transfer RNA for leucine -1.21
(CUN)

MT-TW Mitochondrially encoded tRNA trypto- Transfer RNA for tryptophan +1.82
phan

Huh-7

MT-ND1 Mitochondrially encoded NADH:ubiqui- Complex I subunit +1.36
none oxidoreductase core subunit 1

MT-CO1 Mitochondrially encoded cytochrome ¢ Complex IV subunit +1.07
oxidase I

MT-CO2 Mitochondrially encoded cytochrome ¢ Complex IV subunit +1.19
oxidase II

MT-CO3 Mitochondrially encoded cytochrome ¢ Complex IV subunit +1.13
oxidase III

MT-ATP6 Mitochondrially encoded ATP synthase ATP synthase subunit +1.07
membrane subunit 6

MT-ATPS Mitochondrially encoded ATP synthase ATP synthase subunit +1.03
membrane subunit 8

MT-TY * Mitochondrially encoded tRNA tyrosine ~ Transfer RNA for tyrosine +1.94

MT-TL1 Mitochondrially encoded tRNA leucine 1 Transfer RNA for leucine +1.44
(UUA/G)

MT-TV Mitochondrially encoded tRNA valine Transfer RNA for valine +2.07

MT-TW Mitochondrially encoded tRNA trypto- Transfer RNA for tryptophan +3.14
phan

MT-TT Mitochondrially encoded tRNA threonine Transfer RNA for threonine +1.00

PC-3

MT-ND2 Mitochondrially encoded NADH:ubiqui- Complex I subunit -1.08
none oxidoreductase core subunit 2

MT-ND4 Mitochondrially encoded NADH:ubiqui- Complex I subunit -1.04
none oxidoreductase core subunit 4

MT-ND4L Mitochondrially encoded NADH:ubiqui- Complex I subunit -1.14
none oxidoreductase core subunit 4L

MT-ND5 Mitochondrially encoded NADH:ubiqui- Complex I subunit -1.01
none oxidoreductase core subunit 5

MT-ND6 Mitochondrially encoded NADH:ubiqui- Complex I subunit -1.04
none oxidoreductase core subunit 6

MT-CYB Mitochondrially encoded cytochrome b Complex III subunit -1.07

MT-CO2 Mitochondrially encoded cytochrome ¢ Complex IV subunit -1.01
oxidase II

MT-ATPS Mitochondrially encoded ATP synthase ATP synthase subunit -1.18
membrane subunit 8

MT-TA Mitochondrially encoded tRNA alanine Transfer RNA for alanine -3.33

MT-TL1 Mitochondrially encoded tRNA leucine 1 Transfer RNA for leucine -1.07
(UUA/G)

MT-TM Mitochondrially encoded tRNA methio- Transfer RNA for methionine -2.29

SH-SY5Y

nine
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MT-ND3 Mitochondrially encoded NADH:ubiqui- Complex I subunit -1.13
none oxidoreductase core subunit 3

MT-ND5 Mitochondrially encoded NADH:ubiqui- Complex I subunit -1.02
none oxidoreductase core subunit 5

MT-ND6 Mitochondrially encoded NADH:ubiqui- Complex I subunit -1.01
none oxidoreductase core subunit 6

MT-ATPS Mitochondrially encoded ATP synthase ATP synthase subunit -1.07
membrane subunit 8

MT-TH Mitochondrially encoded tRNA histidine  Transfer RNA for histidine -2.01

MT-TE Mitochondrially encoded tRNA glutamic Transfer RNA for glutamate -1.99
acid

MT-TG Mitochondrially encoded tRNA glycine Transfer RNA for glycine -1.31

MT-TQ Mitochondrially encoded tRNA gluta- Transfer RNA for glutamine -6.27
mine

MT-TT Mitochondrially encoded tRNA threonine Transfer RNA for threonine -1.38

MT-TS2 Mitochondrially encoded tRNA serine 2 Transfer RNA for serine -1.27
(AGU/C)

3.3. HIF-1/2 targets were found upregulated at 5% Oz in LNCaP and Huh-7 cells

Five percent Oz is not hypoxic, and we have previously shown that, under the con-
ditions used here, pericellular O: levels do not fall below 4% [18]. Nonetheless, previous
reports have shown that HIF-1 activity is detectable at similar physiological Oz levels
[5,19]. Here we identified several HIF-1/2 gene targets upregulated at 5% O, particularly
in LNCaP and Huh-7 cells (Table 3). In LNCaP, transcripts related to angiogenesis and
vasodilation, such as VEGFA and ADM, were upregulated. Further, genes encoding en-
zymes involved in the metabolic reprograming of cells towards a glycolytic phenotype
were upregulated in Huh-7 cells grown at 5% O2. These genes include the glucose trans-
porter SLC2A3 (GLUT3), the glycolytic enzyme ENO2 (enolase), and the gluconeogenic
enzyme PCK1 (phosphoenolpyruvate carboxykinase 1). Fewer HIF-1/2 targets were de-
tected in PC-3 cells, and only one was found in SH-SY5Y, consistent with our initial ob-
servation that these two cell lines were less sensitive to Oz than Huh-7 and LNCaP cells.
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Table 3. Differentially expressed HIF-1/2 targets upregulated at 5% O2

Gene symbol Gene name Role Log2FC Refs. t
LNCaP
VEGFA* Vascular  endothelial Promotes angiogenesis 1.68 [20]
growth factor A
ADM Adrenomedullin Vasodilator peptide 1.62 [21]
CALCRL Calcitonin receptor like G protein-coupled receptor related to the cal- 1.63 [22]
receptor citonin receptor; enables adrenomedullin
binding activity
ADORA2A* Adenosine A2areceptor Activates adenylyl cyclase, inducing cAMP  2.19 [23]
signaling
NDUFA4L2 ** NDUFA4, mitochon- ComplexIsubunit; shown to decrease Oz2con- 3.26 [24]
drial complex associ- sumption
ated like 2
PLOD2 ** Procollagen-lysine,2- Catalyzes the hydroxylation of lysyl residues  7.79 [25]
oxoglutarate  5-dioxy- in collagen-like peptides
genase 2
LOX Lysyl oxidase Facilitates the crosslinking of collagens and 1.60 [26]
elastin
Cp ** Ceruloplasmin Involved in Cu transport 3.28 [27]
TF Transferrin Involved in Fe transport 6.37 [28]
PMAIP1 Phorbol-12-myristate- Pro-apoptotic protein 1.18 [29]
13-acetate-induced pro-
tein 1
ENG Endoglin Auxiliary receptor for the TGF-B receptor 1.43 [30]
complex
STC2 Stanniocalcin 2 May have autocrine and paracrine functions; 1.19 [31]
may be involved in Ca? and phosphate
transport and metabolism
GPX8 Glutathione peroxidase Catalyzes reduction of hydrogen and alkyl 1.19 [32]
8 peroxides
CXCL12 C-X-C motif chemokine Chemoattractant cytokine 1.67 [33]
ligand 12
Huh-7
SLC2A3 ** Solute carrier family 2 Selectively transports glucose into the cytosol  5.74 [34]
member 3
(GLUT3)
HKDC1 Hexokinase domain Novel member of the hexokinase family, in- 1.51 [35]
containing 1 volved in glucose metabolism
PCK1 Phosphoenolpyruvate Catalyzes conversion of PEP to oxaloacetate 1.49 [36]
carboxykinase 1 during gluconeogenesis
ENO2 Enolase 2 Catalyzes conversion of 2-phosphoglycerate 1.38 [37]
to PEP during glycolysis
COX412 Cytochrome c oxidase Complex IV subunit; regulates efficiency of 6.04 [38]
subunit 412 electron transport
Cp ** Ceruloplasmin Involved in Cu transport 1.84 [27]
LOXL2* Lysyl oxidase like 2 Facilitates the crosslinking of collagens and 1.66 [26]
elastin
LOXL4 ** Lysyl oxidase like 4 Facilitates the crosslinking of collagens and 1.93 [39]
elastin
P4HA?2 Prolyl  4-hydroxylase Catalyzes the formation of 4-hydroxyproline 1.14 [25]
subunit alpha 2 during collagen synthesis
PLOD2 Procollagen-lysine,2- Catalyzes the hydroxylation of lysyl residues 1.08 [25]
oxoglutarate ~ 5-dioxy- in collagen-like peptides
genase 2
NPPB ** Natriuretic peptide B Hormone that mediates natriuresis, diuresis, 2.05 [40]
and vasodilation
EPO* Erythropoietin Promotes erythropoiesis 1.45 [41]
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PDGFB ** Platelet derived growth Potent mitogen and chemoattractant, pro- 2.06 [42]
factor subunit B motes angiogenesis
CXCL6 C-X-C motif chemokine Chemoattractant cytokine 1.21 [43]
ligand 6
IGFBP1 ** Insulin like growth fac- Binds insulin-like growth factors, promotes 2.66 [44]
tor binding protein 1 migration and metabolism
NDRG1* N-myc downstream Involved in p53-mediated caspase activation 1.53 [45]
regulated 1 and apoptosis
EGLN3 egl-9 family hypoxia in- Catalyzes hydroxylation of HIFs for subse- 2.27 46
g y hyp y y y
ducible factor 3 (PHD-3) quent degradation
TFF2 Trefoil factor 2 May stabilize the mucus layer and affect heal- 1.19 [47]
ing of the epithelium
HEY1 Hes related family Transcriptional repressor; inhibits mitochon- 1.06 [48]
bHLH transcription fac-  drial biogenesis in HCC
tor with YRPW motif 1
PC-3
SLC2A9 Solute carrier family 2 Transports glucose into the cytosol 5.73 [49]
member 9 (GLUTY9)
PDK1 Pyruvate dehydrogen- Phosphorylates and inhibits the pyruvate de- 1.03 [50]
ase kinase 1 hydrogenase complex
CA9 Carbonic anhydrase 9 Catalyzes interconversion between CO2 and 1.98 [51]
H20 into carbonic acid
TERT Telomerase reverse Mediates extension and replenishment of te- 1.98 [52]
transcriptase lomeres
TH Tyrosine hydroxylase Catalyzes the conversion of tyrosine to dopa- 1.09 [53]
mine
BNIP3 BCL2 interacting pro- Pro-apoptotic factor 1.02 [54]
tein 3
SH-SY5Y
IGF2 Insulin like growth fac- Promotes growth and proliferation 1.74 [55]
tor 2

* padj<0.05, ** padj<0.005, otherwise p<0.05. Abbreviations: cAMP, cyclic adenosine monophosphate; GLUT, glucose
transporter; HCC, hepatocellular carcinoma; HIF; hypoxia-inducible factor; OMM, outer mitochondrial membrane;
PEP, phosphoenolpyruvate; PHD-3, prolyl hydroxylase 3; ROS, reactive oxygen species; TGF-f, transforming growth
factor-beta. tReferences identifying the gene as a HIF-1/2 target.

4. Discussion

The main goal of this study was to determine how the standard cell culture environ-
ment (18% Oz) impacts the cancer cell transcriptome compared to a more representative
in vivo environment (5% O2). We were particularly interested in the extent to which any
effects of O2 were shared amongst cell lines versus cell-line specific. Our results indicate
broad transcriptional effects of Oz between 5% and 18% that are highly cell-type specific.
Even in LNCaP and PC-3, both prostate cancer cell lines, the overlap in O:-dependent
DEGs was just ~5%. These results are consistent with a previous study showing little over-
lap in the proteome of three diffuse large B-cell lymphoma cell lines cultured in the same
two O2 conditions [56]. Increased oxidative stress associated with higher O: levels affects
a variety of pathways, including the p53 pathway and mitogen-activated protein kinase
(MAPK) pathways (reviewed in [57]). Given that cancer cells have distinct mutations, in-
cluding gene copy number differences, that affect these pathways, their differential tran-
scriptional response to Oz is perhaps not surprising. In any case, these observations high-
light the importance of culturing cells at physioxia, since the effects of 18% Oz are broad
and may not be easy to predict.

Functional enrichment analysis revealed that biological processes and pathways rel-
evant to the disease etiology of each cell type were altered by O: level. For example, pros-
tate cancer commonly metastasizes to bone, forming primarily osteoblastic lesions. TGF-
B and BMPs, released by prostate cancer cells, induce osteoblast differentiation, which in
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turn release growth factors that stimulate the proliferation of prostate cancer cells [58].
The TGF-B signaling pathway was the annotation term most significantly enriched
(Padi<0.05) in LNCaP cells at 18% Oz. Signaling by bone morphogenic proteins (BMP) and
osteoblast differentiation were also enriched (p<0.05). These interactions of key prostate
cancer signaling pathways with Oz level attest to the potential issues associated with a
hyperoxic cell culture environment.

One of the main functions of hepatic cells is detoxification of xenobiotics through
phase I (CYP450) and phase II enzymes. In Huh-7 cells, drug metabolism by the CYP450
was among the annotation terms enriched at 5% Oz (pa¢i<0.05), in accordance with a pre-
vious observation that CYP1A1, CYP1A2, and CYP2E1, along with a number of phase II
enzymes, are upregulated in HepG2 cells cultured in physioxia, compared with cells at
atmospheric Oz [59]. Differential expression of phase I and I enzymes at different Oz ten-
sions leads to altered metabolism of drugs and toxins, which in turn results in altered
biological responses to these compounds when tested in vitro.

We observed several HIF-1/2 targets upregulated at 5% Oz in LNCaP and Huh-7 cells.
Although HIF-1/2 are known as transcription factors in hypoxia, some studies have shown
them to be active in the physiological Oz range [5,19]. The fact that very few HIF-1/2 targets
upregulated at 5% Oz were observed in PC-3 and SH-SY5Y cells supports the notion that
these cells are less sensitive to Oz than LNCaP and Huh-7. Given the variety of mecha-
nisms in tumorigenesis regulated by HIF (e.g., metabolism, migration, invasion, survival),
complete loss of HIF-1/2 activity at 18% O2 may compromise experiments focused on
chemotherapeutic strategies.

Enrichment of functional annotation terms related to the mitochondria and/or mito-
chondrial processes (e.g., respiration) was observed in three of the four cell lines (Huh-7,
PC-3 and SH-SY5Y), although the directions of the effects were inconsistent. While mito-
chondrial terms were enriched at 18% O2 in Huh-7 cells, they were enriched at 5% Oz in
PC-3 and SH-SY5Y. The same general trend was apparent for mtDNA-encoded genes.
Decreased expression of mtDNA-encoded genes in Huh-7 cells at 5% Oz may be a direct
consequence of decreased mitochondrial abundance. Indeed, mitochondrial biogenesis
was one of the Reactome pathways enriched at 18% Ozin Huh-7 cells (paqj<0.05; see Table
S8). Moradi et al. observed decreased mitochondrial footprint in Huh-7 cells grown at 5%
Oz compared to 18% O2[4]. Further, it has been shown that HEY1, a HIF-1 target, decreases
mitochondrial biogenesis by repressing the expression of PTEN-induced kinase 1 (PINK1)
in human hepatocellular carcinoma cells through a HIF-1 dependent mechanism. In ac-
cordance, our data shows HEY1 expression increased 2.05-fold at 5% Oz (p<0.05; see Table
3). Additionally, Zhang et al. reported that HIF-1 inhibits mitochondrial biogenesis in re-
nal carcinoma cells by repressing PGC-1f [60]. Interestingly, expression of PPARGC1B
was ~3 times lower in Huh-7 cells at 5% Oz compared to 18% (pai<0.005; see Table 52). On
the other hand, expression of all mtDNA-encoded genes affected by Oz was higher in
physioxia in both PC-3 and SH-SY5Y cells. Expression of genes related to mitochondrial
biogenesis induced by HIF-1 was observed in the neuroblastoma cell line SK-N-AS when
exposed to hypoxia, along with increased mtDNA copy numbers [61]. Moreover, mito-
chondrial abundance was higher in primary neurons grown at 2% and 5% O: compared
to atmospheric Oz [62]. No direct link between Oz and regulation of mitochondrial biogen-
esis has been reported in prostate cancer. Future research should be directed to investi-
gating the O:-dependent mechanisms of mitochondrial gene expression and biogenesis in
different cell types.

In conclusion, our results show that supraphysiological Oz levels in cell culture sig-
nificantly alter the global transcriptomes of cancer cell lines in highly cell line-specific
ways. This makes it difficult to establish general rules regarding how non-physiological
Oz levels might affect experiments. In turn, this emphasizes the importance of cell culture
in physioxia to increase the likelihood that results will translate to in vivo.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Table S1: DEG list LNCaP.xlsx; Table S2: DEG list Huh-7.xIsx; Table S3:
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DEG list PC-3.xlsx; Table S4: DEG list SH-SY5Y .xIsx; Table S5 Functional Enrichment LNCaP 5%
02; Table S6 Functional Enrichment LNCaP 18% O2; Table S7 Functional Enrichment Huh-7 5% O2;
Table S8 Functional Enrichment Huh-7 18% O2; Table S9 Functional Enrichment PC-3 5% O2; Table
S10 Functional Enrichment PC-3 18% O2; Table S11 Functional Enrichment SH-SY5Y 5% O2; Table
512 Functional Enrichment SH-SY5Y 18% O2.
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