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Abstract: Idiopathic pulmonary fibrosis (IPF) is an aging-associated disease characterized by exacer-
bated extracellular matrix deposition that disrupts oxygen exchange. Hypoxia and its transcription
factors (HIF-1a and 2«) influence numerous circuits that could perpetuate fibrosis by increasing
myofibroblasts differentiation and by promoting extracellular matrix accumulation. Therefore, this
work aimed to elucidate the signature of hypoxia in the transcriptomic circuitry of IPF-derived
fibroblasts. To determine this transcriptomic signature, a gene expression analysis with six lines
of lung fibroblasts under normoxia or hypoxia was performed: three cell lines were derived from
patients with IPF, and three were from healthy donors, a total of 36 replicates. We used the Clariom
D platform, which allows us to evaluate a huge number of transcripts, to analyze the response to
hypoxia in both controls and IPF. The control’s response is greater by the number of genes and
complexity. In the search for specific genes responsible for the IPF fibroblast phenotype, nineteen
dysregulated genes were found in lung fibroblasts from IPF patients in hypoxia (nine upregulated and
ten downregulated). In this sense, the signaling pathways revealed to be affected in the pulmonary
fibroblasts of patients with IPF may represent an adaptation to chronic hypoxia.
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1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive, and lethal disease associ-
ated with aging [1]. Its pathophysiology consists of damage to the epithelial cells with an
aberrant response characterized by the production of several mediators for the fibroblast’s
activation. As a result, lung parenchyma is replaced by exacerbated extracellular matrix
deposition, which interrupts the oxygen supply [2,3]. Although hypoxia signaling has been
reported to be active in the lungs of IPF patients, the role of hypoxia in the pathogenesis of
IPF remains unclear [4-6].

Hypoxia is a stress condition that influences cell fate by modifying numerous circuits.
In this context, especially in the “fibroblast foci”, the main histopathological characteristic of
these patients are the mechanisms of hypoxia adaptation that result in profibrotic feedback
signaling, which could perpetuate a fibrotic state [7]. For example, hypoxia and the hypoxia
transcription factors (HIF-1x and 2«) are involved in the differentiation of myofibroblasts,
extracellular matrix deposition, and alteration in the cell cycle [8,9]. In our previous work,
IPF fibroblasts show a particular adaptation to hypoxia because they overexpress the alpha 1
and 2 subunits but not subunit 3 (a negative regulator) of HIF, suggesting a hyperactivation
of this pathway even in the presence of oxygen [9]. Although these transcription factors
are altered, the impact of hypoxia on the transcriptomic profile has not been determined.

Transcriptomic analysis allows us to define the stimulus and landscape of altered
circuits [10]. Therefore, we consider that an analysis of the complete transcriptome under
hypoxic conditions could lead us to elucidate the possible mechanisms involved in the
development of IPF.

2. Materials and Methods
2.1. Human Lung Fibroblasts

The bioethics committees of Instituto Nacional de Enfermedades Respiratorias Ismael
Cosio Villegas (INER) approved this protocol (B29-20; Date: 11 November 2020). The dona-
tion of samples (biopsy) from patients and donors was performed following the relevant
guidelines and regulations with the informed consent of all participants, as previously
described [9]. IPF was diagnosed following the Interstitial Lung Disease Program of the
INER according to the ATS/ERS/ALAT guidelines [11].

Cell culture was performed using Ham’s F-12 medium (Gibco, Waltham, MA, USA)
supplemented with 100 U/mL of penicillin, 100 pug/mL of streptomycin, 2.5 mg/mL of
amphotericin B, and 10% FBS (Gibco Cat No. 11550356), at 37 °C, in an atmosphere of
95% air and 5% CO,.

Primary or commercial cell lines from patients with IPF (F1, F2, and F3) and controls
(C1, C2, and C3) were used; cell demographics are shown in Table 1. All experiments were
performed in triplicate.

Table 1. Demographic characteristics of the lung samples.

ID Age Condition Passage Number Primary or Commercial
C1 7 weeks Healthy 12 ATCC CCL-215

c2 >50 years Healthy 12 Primary

C3 79 years Healthy 14 ATCC PCS-201-013
F1 >50 years IPF 6 Primary

F2 >50 years IPF 7 Primary

F3 58 years IPF 7 Primary

All cells were cultured for 48 h in a hypoxic chamber at 1% O5.
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2.2. Hypoxia

For the experiments under hypoxic conditions, the fibroblasts were cultured in a
60 mm culture dish and subsequently transferred and maintained in a modular incubation
chamber (Model MIC-101 of the brand Rothenberg Inc., San Diego, CA, USA), at 37 °C,
for 48 h, in a humidified atmosphere with the following mixture of hypoxic gases: 1% O,,
5% CO,, and balanced with N. An oxygen analyzer (Teledyne Electronic Technologies
60T) with an oxygen sensor (OOM105 from EnviteC-Wismar GmbH, Wismar, Germany)
was used to monitor oxygen concentration.

2.3. Total RNA Extraction

Total RNA was isolated with RNeasy Mini Kit (Qiagen, Redwood City, CA, USA)
according to the manufacturer’s protocol. Approximately 8 x 10° cells were used; once
washed twice with Phosphate Buffered Saline (PBS) in Petri plates of 60 mm, 600 pL of
RLT buffer was added per plate. They were detached with the help of a police rubber, then
were transferred to a tube, and were homogenized for at least 45 s at maximum speed;
afterwards, 70% ethanol was added in a 1:1 ratio and homogenized well; 700 pL of this
mixture was transferred to an RNeasy Mini spin column with a 2 mL collection tube and
centrifuged at 9000 rpm /30 s, discarding what was obtained in the tube. Subsequently,
700 uL of RW1 buffer was added to the RNeasy Mini spin column, and it was centrifuged at
9000 rpm/30 s. Again, what was collected was discarded. Later, 500 uL of Buffer RPE was
added to the RNeasy spin column, and it was centrifuged at 9000 rpm/30 s. This collection
tube was discarded together with what was obtained; a new tube was placed for RNA
storage, and 40 uL of RNase-free water was added directly to the spin column membrane
and centrifuged at 900 rpm/1 min to elute RNA.

Extracted RNA was quantified spectrophotometrically with NanoDrop ND-1000
(Thermo Fisher Scientific, Wilmington, DE, USA). RNA quality was assessed with an
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).

2.4. Microarray Hybridization

Isolated total RNA was amplified, labeled, and hybridized using the Clariom D
platform, which detects >540,000 transcripts, following the manufacturer’s instructions
(Thermofisher, Cat. 902923, Santa Clara, CA, USA). Briefly, the Affymetrix GeneChip®
WT PLUS Reagent Kit (Santa Clara, CA, USA) was used for cDNA preparation and biotin
labeling. cRNA was purified using an Affymetrix magnetic bead protocol. The Affymetrix
GeneChip Hybridization, Wash, and Stain kits were used for array processing. Arrays were
incubated for 16 h in an Affymetrix GeneChip 645 hybridization oven at 45 °C with rotation
at 60 rpm. The chips were subsequently scanned with an Affymetrix GeneChip Scanner
3000. Raw data were analyzed using Affymetrix Expression Console and Transcriptome
Analysis Console software prior to downstream analysis.

2.5. Analysis of Differential Gene Expression

Microarray data can be downloaded from the https://figshare.com/projects/Hipoxia/
141623. The microarray data were analyzed using R software version 4.1.0 [12], and Bio-
conductor version 3.13 [13]. Quality analysis was performed using affycoretools package
version 1.64 [14]. We normalized the data using RMA (Robust Multiarray Average) [15] to
minimize the non-biological variation in signal intensities.

To identify significant differences between gene expression in each condition, we
selected the contrasts specified in Figure S1. In general, we performed two different
analyses. First, we performed a contrast comparing all the IPF fibroblast primary cell lines
vs. all the control fibroblast cell lines, and second, we compared IPF vs. controls in each
cell line individually. All data were analyzed using the limma package version [16] using
a linear model based on Bayes empirical method [17]. Gene annotation was performed
using package pd.clariom.d.human version 8.8 [18]; here, we present only those genes that
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had a NM accession. Genes were considered statistically significant with higher p-values
(adjusted p-value < 0.05), and logFC > 1 or logFC < —1.

2.6. Data Visualization

Ggplot2 version 3.3.5 [19] was used, EnhancedVolcano package version 1.10 [20],
ComplexHeatmap package version 2.8.0 [21], and VennDetail Shiny App (http://hurlab.
med.und.edu:3838/VennDetail /) [22], for PCAs, volcanos, heatmaps, and Venn diagrams,
respectively. The final versions of the figures were edited using Adobe Illustrator program.

2.7. Enrichment Pathways Analysis and Networks Generation

The pathways and networks were generated using the differentially expressed genes
using QIAGEN Ingenuity Pathway Analysis, version 2000-2022 (https://digitalinsights.
giagen.com/IPA) [23]. An enrichment analysis pathway was also performed on the genes
obtained through the Venn diagrams using EnrichR with the Gene Ontology Biological
Process [24-26].

3. Results
3.1. Transcriptional Response to Hypoxia in Control and IPF-Derived Lung Fibroblasts

To evaluate the effect of hypoxia on control lung fibroblasts and lung fibroblasts
from IPF patients, the cells were cultured for 48 h in a hypoxic chamber at 1% O,. For
this, three lines of fibroblasts from healthy lungs were used as controls (C1, C2, and C3),
and three primary lines of lung fibroblasts from patients with IPF (F1, F2, and F3) were
used to address the heterogeneity of cell lines and the variability in the hypoxic stimuli.
Subsequently, the samples were analyzed with the Clariom D platform (Figure 1).

Control fibroblasts IPF fibroblasts
(Three cell lines, and their (Three cell lines, and their
replicates) replicates)
C1 C2 C3 F1 F2 F3
AN AN
N A
Control Control IPF Normoxia  IPF Hypoxia
Normoxia (N) Hypoxia (H) (N) (H)
1S (0 — B &t
'} p*w _— 4
Bioinformatic analyses
Al cell lines are All cell lines are
analyzed together analyzed individually
Control _IPF c1 | c2 | c3 | F1 F2 | F3
Fibroblasts | Fibroblasts Hvs N|Hvs N[Hvs N[Hvs N[Hvs N|Hvs N
HvsN Hvs N

Figure 1. Design of the experiment. This figure was created with Biorender.

Analysis was carried out in two ways: first, by the bulk of cell lines by condition
(normal or fibrotic) and, second, by determining the specific response for each cell line. It is
essential to mention that when the dispersion was analyzed in the PCAs, control or fibrotic
(C or F) cell lines were clustered together in their respective condition group (Figure S2).
Cell lines (C or F) also cluster together, suggesting that gene expression changes are similar
(Figure S3).
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Analysis by condition revealed a strong transcriptional response to hypoxia in control
fibroblasts, which showed 1006 differentially expressed genes (DEGs) (Figure 2A,C). In
sharp contrast, IPF-derived fibroblasts displayed a modest response with only 241 DEGs
(Figure 2B,D). This phenomenon could be explained because IPF fibroblasts were previously
exposed to this stimulus, suggesting preadaptation to this condition [9]. Despite the
difference in number of genes, both IPF and controls depict the same biological pathways
and processes according to Gene Ontology analysis (GO): cellular response to hypoxia
(GO:0071456) including the cellular response to decreased oxygen levels (GO:0036294)
(Figure 2E,F and Table S1).

Control Fibroblasts IPF Fibroblasts
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Figure 2. Response to hypoxia for 48 h in control and IPF fibroblasts. (A) Volcano plot (control
fibroblasts). (B) Volcano plot (IPF fibroblasts). (C) Heatmap (control fibroblasts). (D) Heatmap (IPF
fibroblasts). (E) GO gene ontology biological process (control fibroblasts). (F) GO gene ontology
biological process (IPF fibroblasts). In subfigures (A-D), the colors red and blue correspond with
upper and lower levels of expression.
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Network analysis using Ingenuity Pathway Software (IPA) shows a transcriptomic
landscape in normal fibroblasts during hypoxia revealing metabolic changes regulated
by HIF-1c (Figure 3A,B). These changes showed a central role of HIF-1cx in YTH N6-
Methyladenosine RNA Binding Protein 2 (YTHDF2)-mediated cell cycle regulation which
promotes mRNA decay during the cell cycle in somatic reprogramming (Figure 3A). Con-
sistent with that, TP53, a master cell cycle regulator implicated in aging, senescence, and
fibrosis, was upregulated (Figure 3C). The radial diagram of TP53 and its targets reveals its
central role in the regulation of autophagy-related processes (ATG4a and ATG4b), topologi-
cal stress (TOP2B), glycolysis (TIGAR), and insulin-like growth factor regulation (IGF) and
transport and uptake by insulin-like growth factor binding proteins (PAPPA). In summary,
controls have a complex network involving more genes in the hypoxia adaptation and
antagonistic mechanisms such as autophagy regulation. IPA also identified alterations in
the AKT signaling in IPF; AKT can negatively regulate autophagy in the opposite direction
to controls (Figure 3D).
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Figure 3. Networks in response to hypoxia in control and IPF fibroblasts. Radial diagrams of HIF1
surrounded by its targets (A) (control fibroblasts) and (B) (IPF fibroblasts). (C) Radial diagram of
TP53 surrounded by its targets in control fibroblasts. (D) Radial diagram of AKT surrounded by its
targets in IPF fibroblasts. Colored nodes refer to genes in our dataset (green down-regulated; red
up-regulated). Uncolored nodes were not identified as differentially expressed in our experiment
and were integrated into the computationally generated IPA networks. Arrows identify predicted
relationships (orange leads to activation, blue leads to inhibition, yellow finds inconsistency with
downstream molecules, and grey is no effect predicted).
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To further evaluate possible directional consequences and inferred upstream regulator
activity in HIF-1o signaling in hypoxia in both control and fibrotic fibroblasts, we used the
IPA tool Molecular Predicted Map on our data set, where it is also shown that the controls
have greater complexity in the signaling pathways (Figures 4 and 5).

HIF1a Signaling

Cytoplasm

STAT3

®—
§
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\/ (Eog !
Coni>)/ |
5 € :
() i
1
weon—_ | ——Aﬂlu‘ ~ ——Nomoxia THI7 ol
g aifferentiation

Mlms.'m

Figure 4. HIF-1«x Signaling Pathways in control Fibroblasts. Colored nodes refer to differentially
expressed genes found in our dataset control fibroblasts hypoxia vs. normoxia (green down-regulated;
red up-regulated). Uncolored nodes were not identified as differentially expressed in our experiment
and were integrated into the computationally generated IPA networks. This figure was created
with Ingenuity Pathway Analysis, Version 2000-2022 QIAGEN. For further information about the
symbols, please go through their web page: https://qiagen.secure.force.com/KnowledgeBase/
articles/Knowledge/Legend.
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Figure 5. HIF1«x Signaling Pathways in Fibroblasts from Idiopathic Pulmonary Fibrosis. Colored
nodes refer to differentially expressed genes found in our dataset IPF fibroblasts hypoxia vs. normoxia
(green down-regulated; red up-regulated). Uncolored nodes were not identified as differentially
expressed in our experiment and were integrated into the computationally generated IPA networks.
This figure was created with Ingenuity Pathway Analysis, Version 2000-2022 QIAGEN. For further
information about the symbols, please go through their web page: https://qiagen.secure.force.com/
KnowledgeBase/articles/Knowledge/Legend.

3.2. Shared Hypoxic Genes Float in a Sea of Doubts

The Venn diagram of Figure 6A shows us that there are 346 DEGs shared between con-
trol cell lines, and Figure 6B shows that there are 54 DEGs shared between lung fibroblasts
from patients with IPF in hypoxia.

The number of unique DEGs that are not shared with any other cell lines is heteroge-
neous in number; the control lines C1, C2, and C3 have 1412, 209 and 540 genes, respectively
(Figure 6A), while in the three lines of patients with IPF, we can observe that F1, F2, and F3
possess 845, 49, and 274 genes, respectively (Figure 6B).

The pathways in the group of fibroblasts from controls are related to the epithelium
development, differentiation, and pathways involved with several metabolites (Figure 6C).
Due to the experimental time (48 h) varying from that published in previous studies (6 h
and 12 h), some genes related to metabolism differed. In IPF fibroblasts, enrichment analysis
suggested that angiogenesis-related pathways are involved (Figure 6D).
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Figure 6. Venn diagrams of differential expressed genes in response to hypoxia in control and IPF

fibroblasts (analyzing cell lines separately). In (A) Venn diagram (control fibroblasts), cell lines are
represented with labels C1, C2, or C3. (B) Venn diagram (IPF fibroblasts), cell lines are represented
with labels F1, F2, and F3. (C,D) represent the Gene Biological Process using EnrichR of the shared
genes in their respective Venn diagram.

3.3. The Transcription Signature of Hypoxia in IPF Fibroblasts

A third Venn diagram was constructed to identify the transcriptional signature with
dysregulated genes shared between the controls and IPF (Figure 7A). Of the three groups
of genes analyzed, the first group contained genes that belong to the adaptation hypoxia
response in controls (311); the analysis coincides with those that were made as a whole by
condition and cell line. As these pathways are not found in IPF fibroblasts, they provide us
with information that could help elucidate the mechanisms of IPF pathogenesis since, for
some reason, they have been lost or blocked. In the second group, only 35 genes were found
altered in both; these genes are involved in hypoxia and mesenchymal pathways. Finally,
the genes that are induced by hypoxia and that are shared in different cells lines from IPF,
Tables 2 and 3 show the 19 DEGs, divided into up- and down-regulated; there is some
discrepancy in the four down-regulated genes in our study because previous studies in IPF
report them up-regulated, and this is the case with Coagulation factor III (F3), Hedgehog
interacting protein (HHIP), Interleukin 6 (IL-6), and Stanniocalcin 1 (STC1) (Table 2).
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Figure 7. Shared genes in response to hypoxia. (A) Venn diagram represents the intersection of
the differential expressed genes shared between cell lines in control fibroblasts or IPF fibroblasts;
(B-D) represent the Gene Biological Process using EnrichR.

Five genes were identified to be down-regulated that have not been studied in IPF,
which are Cyclin G2 (CCNG2), Potassium Channel Tetramerization Domain Containing 16
(KCTD16), Basic helix-loop-helix family member e41 (BHLHE41), Syntaxin binding protein
6 (STXBP6), and Serpin family B member 7 (SERPINB?) (Table 2).

Nine genes were found up-regulated, four genes have been previously related to
IPF: Endothelial PAS domain protein 1 (EPAS1), Transferrin receptor (TFRC), Endothelin
receptor type A (EDNRA) and Periostin (POSTN). The other five genes have not been
associated with IPF: the Alcohol dehydrogenase 1B (ADH1B), Protocadherin 18 (PCDH18),
Homeobox A5 (HOXADS), Solute carrier family 14-member 1 (SLC14A1), and Ubiquitin
specific peptidase 18 (USP18) (Table 3).
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Table 2. List of down-regulated genes in lung fibroblasts from IPF patients in normoxia and hypoxia.

Gene Also Known as N H os Description Models Reference
Coagulation factor III is a surface
F3 TF; AGT; CD142 NS Down Up receptor, and it participates in the IPF-HLF [27]
coagulation cascade
Hedgehog interacting protein is
involved with Hedgehog signaling
HHIP HIP NS Down Up . IPF-HLF [28,29]
pathway in
embryonic development
CDF; HGF; HSF; . .
IL6 BSF2; IL-6; BSF-2; NS Down Up I“terli‘ﬁk.‘“ﬂé e““’fes f?r N :.Y“’kme IP};?NII& [30,31]
[ENB2; IFN-B-2 with inflammatory functions an
Stanniocalcin 1 encodes for Increased in
STC1 STC NS Down Up homodimeric glycoprotein with plasma of [32]
paracrine and autocrine functions patients with IPF
DNA Damage Inducible Transcript Expression
DDIT4 D1§2}§IS]I;Z)]_DlDl; NS Down - 4. G}?ne re'lat?;II\tI(Ar;sponse to \élrus, associated with [33]
ypoxia, amage, an IncRNAs in IPF
tumor regulation
CCNG2 ~ NS Down B Encodes for cyclin-G2 involved in NS-IPF B
cell cycle
Potassium channel tetramerization
KCTD16 - NS Down - domain containing 16 regulates NS-IPF -
GABA receptor signaling
DEE]ZD;I;CI\E_;SL Basic helix-loop-helix family
BHLHE41 % NS Down - member e41, involved in circadian NS-IPF -
BHLHB3; . N
SHARP1 rhythm and cell differentiation
misvn: Syntaxin binding protein 6 is
STXBP6 Pt g Up Down - involved in regulating SNARE NS-IPF -
HSPC156 ;
complex formation
. . Serpin family B member 7 encodes
SERPINB7 PPKN; TP35; NS Down - for a protein that functions as a NS-IPF -
MEGSIN s 3o
protease inhibitor
N = Normoxia results in this study; H = Hypoxia results in this study; OS = Other Studies; IPF-HLF = IPF
human lung fibroblast; BMM = Bleomycin mouse model; BAL = Bronchoalveolar lavage; NS-IPF = Not studied
in idiopathic pulmonary fibrosis; Non-significant = NS. The search for the function of the genes was carried
out using the gene card (https://www.genecards.org/). As for the studies reported in IPF, a basic search was
performed in PubMed with the name of the gene or protein it encodes (https://pubmed.ncbi.nlm.nih.gov/), and
only those that seemed relevant were considered.
Table 3. List of up-regulated genes in lung fibroblasts from IPF patients in normoxia and hypoxia.
Gene Also Known as N H os Description Models References
HLF; MOP2; Endothelial PAS domain protein 1 is a
ECYT4; HIF2A; gene that encodes a transcription factor .
EPAS1 PASD2; Down Up Up involved in signaling pathway [PE-HLF ]
bHLHe73 in hypoxia
CD71, IMD46, r’?rans;ferrn: rreceptoir f;n;odfti a cclellll . IPF-HLE, BMM
TERC T9, TFR, TFR1, Down Up Up surtace recep tokassofi"? edwr ;e ua and BAL of [34,35]
TR, TRER, p90 D ethronaioai ¢ IPF patients
or erythropoiesis
Gen encodes for periostin protein with
PN; OSF2; OSF-2; functions in tissue development and IPF-HLF
POSTN PDLPOSTN Down Up Up regeneration. Expression related to and BMM (36,571
IPF progression
EFFX?Q’ lg%ﬁ[’% Endothelin receptor type A encodes an Primary rat
EDNRA . - NS Up Up endothelin-1 receptor with alveolar type II [38,39]
MFDA; ETA-R; L .
hET-AR vasoconstriction properties cells
Homeobox A5 encodes for transcription
HOX1; HOX1C; factors called homeobox genes spatially
HOXAS HOX1.3 NS Up Up and temporally regulated during NS-IPF )

embryonic development
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Table 3. Cont.
Gene Also Known as N H os Description Models References
Protocadherin 18 encodes for a protein
PCDHIS PCDHGSL NS Up Down member of the su'bfamlly of cadherin NS-IPF )
superfamily related to
cell-cell connections
ADH2: Alcohol dehydrogenase 1B encodes for a
ADH1B ’ NS Up - protein member of the alcohol NS-IPF -
HEL-S-117 .
dehydrogenase family
JK; UT1; UTE;
HUT11; Jk(a); Solute carrier family 14-member
Jk(b); RACH1; 1 encodes for a protein membrane 3 R
SLC14AT1 RACH2; UT-B1; NS Up transporter that mediates urea transport NS-IPF
HUTI11A; in erythrocytes
HsT1341
. X Ubiquitin specific peptidase 18 encodes
USP18 15G43; UBP43; NS Up - for an enzyme that belongs to NS-IPF -

PTORCH2

ubiquitin-specific proteases family

N = Normoxia results in this study; H = Hypoxia results in this study; OS = Other Studies; IPF-HLF = IPF
human lung fibroblast; BMM = Bleomycin mouse model; BAL = Bronchoalveolar lavage; NS-IPF = Not studied
in idiopathic pulmonary fibrosis; Non-significant = NS. The search for the function of the genes was carried
out using the gene card (https://www.genecards.org/). As for the studies reported in IPF, a basic search was
performed in PubMed with the name of the gene or protein it encodes (https:/ /pubmed.ncbi.nlm.nih.gov/), and
only those that appeared relevant were considered.

4. Discussion

Hypoxia is active in the lungs and fibroblasts of IPF patients. Several studies support
the idea that hypoxia through the hypoxia-inducible transcription factors (HIF-1x and 2c)
is a determining factor in the development and progression of fibrosis, participating in
fibroblast activation and differentiation [4-6,8,40,41].

Most in vitro studies with lung fibroblasts from patients with IPF are performed under
conditions other than the fibrotic microenvironment in a CO; incubator, where oxygen con-
centration differ from concentration in the microenvironment typical of the fibroblast focus.
Therefore, this work also provides information on the possible dysregulated pathways in
the fibroblast foci of patients with IPF.

This exploratory and descriptive study was carried out to generate hypotheses about
the possible signaling pathways involved in the hypoxia adaptation and the altered pheno-
type of IPF derived fibroblasts.

Therefore, we performed a gene expression analysis with a robust platform (Clariom
D), where fibroblasts were analyzed under a hypoxia environment. This study shows
that hypoxia induces essential changes in the expression of genes in controls related to
metabolism, stress response, and epithelial differentiation, a modest response related to
angiogenesis and regeneration in the case of IPF. Exclusive transcriptomic signature in IPF
fibroblasts suggests a particular adaptation where EPAS1 (HIF-2«x) plays a leading role.

As expected, the pathways shared between control fibroblasts and IPFs are related to
hypoxia signaling. However, the intensity and complexity of the transcriptomic changes
vary between the condition and the cell lines. On the whole, in the controls, there are more
genes involved in pathways that are essential for cell maintenance in conditions of limited
oxygenation, such as autophagy and metabolism. In fibroblasts derived from patients with
IPF, a limited activation is observed, and similar results were observed with other stressors
such as starvation and apoptosis inducers [42-44].

HIF-1x and 2« are known to have common target genes, yet it has been suggested that
each isoform may exclusively regulate some genes [45—48]. It is also known that HIF-1o
participates in a relevant way in acute hypoxia and that HIF-2« participates in chronic
hypoxia [49,50]. So, we suggest that there probably exists a preadaptation in IPF cells that
have been exposed to specific environments of chronic hypoxia.

As was foreseeable, the extracellular matrix-related genes are upregulated in hypoxia
in both controls and IPF, so they are not exclusive to the specific transcriptional signature
of IPF in hypoxia. However, the possibility remains that its increase is grater in IPF.
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In the transcriptional signature that was observed in the genes exclusive to IPF, un-
expected findings occurred, since no previous connection to hypoxia or IPF had been
made such as the circadian rhythm and the differentiation of Th17 cells. In the case of
the circadian rhythm pathway, it has been reported that oxygen through the activation of
HIF1e, is a reset signal for circadian clocks [51].

Among the 19 DEGs found in the transcriptional signature, some genes such as
EPAS1, POSTN, HOXAS, and HHIP are related to regeneration and development. We
recently proposed that hypoxia signaling pathways are necessary for the context of lung
regeneration. In addition, recapitulation of these pathways has been reported in pulmonary
fibrosis [52]. However, if regeneration persists, hypoxia can activate feedback loops related
to disease progression [7]. In animal models where the mechanisms involved in the
regeneration process are studied, a prominent role of HIF-1x and HIF-2cc was determined.
It was observed that after an injury HIF-1oc mRNA reaches a maximum peak on day 3 and
then declines, while HIF-2oc shows a high expression until day 13 and tends to decrease once
the regeneration process has been carried out adequately [53,54]. The altered regeneration
signaling observed in the IPF group could be a result of the differential HIF activity.

5. Conclusions

Pathways in IPF fibroblasts that are not shared with healthy cells are pathways that
could help us begin to guide potential therapeutic targets. In the case of fibroblasts from
patients with IPF, high levels of EPAS (HIF-2«x) suggest that it plays an essential role in this
chronic adaptation to hypoxia.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cells11193014 /51, Figure S1: Contrasts matrix, Figure S2: Principal
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Gene Ontology (GO) of the study groups.

Author Contributions: Conceptualization, A.A.-G., M.C.-L. and R.V.-C.; Data curation, Y.I.B.-M.
and G.L.-R.; Formal analysis, Y.R., YI.B.-M., M.A.V.-M,, ].C., N.P. and R.V.-C.; Funding acquisition,
A.A-G, VR, R.V-C. and Y.R; Investigation, M.C.-L., ] A.V.-P, A.C,, A.C-R,M.PS.-V, ILH, ERL.-G.
and V.R.; Methodology, M.A.V.-M., LM.T-E.,, N.P, A.C,, A.C-R,GL.-R,LH. and ERL.-G,; Project
administration, Y.R., R.V.-C. and A.A.-G.; Software, ].C.; Supervision, J.A.V.-P. and A.A.-G.; Visualiza-
tion, Y.I.B.-M. and J.C.; Writing—original draft, Y.R., M.C.-L., LM.T.-E., EE-S., M.PS.-V. and V.R.;
Writing—review and editing, Y.R., YI1.B.-M., E.E-S., R.V.-C. and A.A.-G. All authors have read and
agreed to the published version of the manuscript.

Funding: Arnoldo Aquino-Gélvez and Rafael Velazquez-Cruz were supported by CONACYT
#194162 and by the Instituto Nacional de Enfermedades Respiratorias Ismael Cosio Villegas (A.A.-G.)
and the Instituto Nacional de Medicina Genémica (R.V.-C.). Yair Romero’s work was supported by
CONACYT #51219.

Institutional Review Board Statement: Approval for this study was obtained by the institutional
review board at Instituto Nacional de Enfermedades Respiratorias Ismael Cosio Villegas (INER);
Mexico City, Mexico.

Informed Consent Statement: The institutional bioethics committee approved the study. Informed
consent was obtained from all participants, as described above in reference nine.

Data Availability Statement: Microarray data can be downloaded from https:/ /figshare.com/
projects/Hipoxia/141623.

Acknowledgments: Miguel Angel Vargas Morales, as a student of the Master of Science in Biomedicine
and Molecular Biotechnology of the Escuela Nacional de Ciencias Biol6gicas of the Instituto Politécnico
Nacional (IPN), received the fellowship CVU 1021366 from Consejo Nacional de Ciencia y Tecnologia,
México (Conacyt). We acknowledge the support of Miguel Angel Pérez Le6n of the Laboratorio

de Cémputo de Alto Rendimiento, Coordinacion del Departamento de Matematicas. Facultad de

Ciencias, UNAM.

Conflicts of Interest: The authors declare that they have no competing interests.


https://www.mdpi.com/article/10.3390/cells11193014/s1
https://www.mdpi.com/article/10.3390/cells11193014/s1
https://figshare.com/projects/Hipoxia/141623
https://figshare.com/projects/Hipoxia/141623

Cells 2022, 11, 3014 14 of 16

References

1. Selman, M.; Pardo, A. Revealing the Pathogenic and Aging-Related Mechanisms of the Enigmatic Idiopathic Pulmonary Fibrosis.
an Integral Model. Am. |. Respir. Crit. Care Med. 2014, 189, 1161-1172. [CrossRef] [PubMed]

2. King, TE,, Jr.; Pardo, A.; Selman, M. Idiopathic Pulmonary Fibrosis. Lancet 2011, 378, 1949-1961. [CrossRef]

3. Selman, M.; King, T.E.; Pardo, A.; American Thoracic Society; European Respiratory Society; American College of Chest
Physicians. Idiopathic Pulmonary Fibrosis: Prevailing and Evolving Hypotheses about Its Pathogenesis and Implications for
Therapy. Ann. Intern. Med. 2001, 134, 136-151. [CrossRef] [PubMed]

4. Bodempudi, V.; Hergert, P.; Smith, K.; Xia, H.; Herrera, J.; Peterson, M.; Khalil, W.; Kahm, ].; Bitterman, P.B.; Henke, C.A. miR-210
Promotes IPF Fibroblast Proliferation in Response to Hypoxia. Am. J. Physiol. Lung Cell. Mol. Physiol. 2014, 307, L283-L294.
[CrossRef]

5. Weng, T.; Poth, ].M.; Karmouty-Quintana, H.; Garcia-Morales, L.].; Melicoff, E.; Luo, F; Chen, N.-Y,; Evans, C.M.,; Bunge, RR,;
Bruckner, B.A.; et al. Hypoxia-Induced Deoxycytidine Kinase Contributes to Epithelial Proliferation in Pulmonary Fibrosis. Am. J.
Respir. Crit. Care Med. 2014, 190, 1402-1412. [CrossRef]

6. Tzouvelekis, A.; Harokopos, V.; Paparountas, T.; Oikonomou, N.; Chatziioannou, A.; Vilaras, G.; Tsiambas, E.; Karameris, A.;
Bouros, D.; Aidinis, V. Comparative Expression Profiling in Pulmonary Fibrosis Suggests a Role of Hypoxia-Inducible Factor-1o
in Disease Pathogenesis. Am. J. Respir. Crit. Care Med. 2007, 176, 1108-1119. [CrossRef]

7. Romero, Y.; Aquino-Galvez, A. Hypoxia in Cancer and Fibrosis: Part of the Problem and Part of the Solution. Int. ]. Mol. Sci. 2021,
22,8335. [CrossRef]

8.  Senavirathna, L.K.; Huang, C.; Yang, X.; Munteanu, M.C.; Sathiaseelan, R.; Xu, D.; Henke, C.A.; Liu, L. Hypoxia Induces
Pulmonary Fibroblast Proliferation through NFAT Signaling. Sci. Rep. 2018, 8, 2709. [CrossRef]

9. Aquino-Galvez, A.; Gonzélez-Avila, G.; Jiménez-Sanchez, L.L.; Maldonado-Martinez, H.A.; Cisneros, J.; Toscano-Marquez,
F.; Castillejos-Lopez, M.; Torres-Espindola, L.M.; Velazquez-Cruz, R.; Rodriguez, V.H.O.; et al. Dysregulated Expression of
Hypoxia-Inducible Factors Augments Myofibroblasts Differentiation in Idiopathic Pulmonary Fibrosis. Respir. Res. 2019, 20, 130.
[CrossRef]

10. Villasefior-Altamirano, A.B.; Moretto, M.; Maldonado, M.; Zayas-Del Moral, A.; Munguia-Reyes, A.; Romero, Y.; Garcia-Sotelo,
J.S.; Aguilar, L.A.; Aldana-Assad, O.; Engelen, K.; et al. PulmonDB: A Curated Lung Disease Gene Expression Database. Sci. Rep.
2020, 10, 514. [CrossRef]

11. Raghu, G.; Rochwerg, B.; Zhang, Y.; Garcia, C.A.C.; Azuma, A.; Behr, J.; Brozek, J.L.; Collard, H.R.; Cunningham, W.;
Homma, S.; et al. An Official ATS/ERS/JRS/ALAT Clinical Practice Guideline: Treatment of Idiopathic Pulmonary Fibrosis. An
Update of the 2011 Clinical Practice Guideline. Am. |. Respir. Crit. Care Med. 2015, 192, e3-e19. [CrossRef]

12. R Core Team. R: A Language and Environment for Statistical Computing; GBIF: Copenhagen, Denmark, 2013.

13.  Gentleman, R.C.; Carey, V.J.; Bates, D.M.; Bolstad, B.; Dettling, M.; Dudoit, S.; Ellis, B.; Gautier, L.; Ge, Y.; Gentry, J.; et al.
Bioconductor: Open Software Development for Computational Biology and Bioinformatics. Genome Biol. 2004, 5, R80. [CrossRef]

14. MacDonald, ].W. Functions Useful for Those Doing Repetitive Analyses with Affymetrix GeneChips. R Package Version 1.68.1.
Affycoretools 2022. [CrossRef]

15. Irizarry, R.A.; Hobbs, B.; Collin, F.; Beazer-Barclay, Y.D.; Antonellis, K.J.; Scherf, U.; Speed, T.P. Exploration, normalization, and
summaries of high density oligonucleotide array probe level data. Biostatistics 2003, 4, 249-264. [CrossRef]

16. Ritchie, M.E.; Phipson, B.; Wu, D.; Hu, Y.; Law, C.W,; Shi, W.; Smyth, G.K. Limma Powers Differential Expression Analyses for
RNA-Sequencing and Microarray Studies. Nucleic Acids Res. 2015, 43, e47. [CrossRef]

17.  Gu, Z.; Eils, R.; Schlesner, M. Complex heatmaps reveal patterns and correlations in multidimensional genomic data Bioinformatics.
Bioinformatics 2016, 32, 2847-2849. [CrossRef]

18. Phipson, B.; Lee, S.; Majewski, L].; Alexander, W.S.; Smyth, G.K. Robust Hyperparameter Estimation Protects against Hypervari-
able Genes and Improves Power to Detect Differential Expression. Ann. Appl. Stat. 2016, 10, 946-963. [CrossRef]

19. MacDonald, J.W. Pd.clariom.d.human: Platform Design Info for Affymetrix Clariom_D_Human. R package version 3.14.1.
Bioconductor 2022.

20. Wickham, H. Ggplot2. Wiley Interdiscip. Rev. Comput. Stat. 2011, 3, 180-185. [CrossRef]

21. Blighe, K.; Rana, S.; Lewis, M. EnhancedVolcano: Publication-Ready Volcano Plots with Enhanced Colouring and Labeling. R
Package Version 1.14.0. EnhancedVolcano 2022. [CrossRef]

22. Hinder, L.M.; Park, M.; Rumora, A.E.; Hur, J.; Eichinger, F; Pennathur, S.; Kretzler, M.; Brosius, F.C., 3rd; Feldman, E.L.
Comparative RNA-Seq Transcriptome Analyses Reveal Distinct Metabolic Pathways in Diabetic Nerve and Kidney Disease. J.
Cell. Mol. Med. 2017, 21, 2140-2152. [CrossRef]

23. Kramer, A.; Green, J.; Pollard, J., Jr.; Tugendreich, S. Causal Analysis Approaches in Ingenuity Pathway Analysis. Bioinformatics
2014, 30, 523-530. [CrossRef]

24. Chen, E.Y,; Tan, C.M.; Kou, Y.; Duan, Q.; Wang, Z.; Meirelles, G.V,; Clark, N.R.; Ma’ayan, A. Enrichr: Interactive and Collaborative
HTMLS5 Gene List Enrichment Analysis Tool. BMC Bioinform. 2013, 14, 128. [CrossRef]

25. Kuleshov, M.V,; Jones, M.R.; Rouillard, A.D.; Fernandez, N.F,; Duan, Q.; Wang, Z.; Koplev, S.; Jenkins, S.L.; Jagodnik, K.M.;

Lachmann, A.; et al. Enrichr: A Comprehensive Gene Set Enrichment Analysis Web Server 2016 Update. Nucleic Acids Res. 2016,
44, W90-W97. [CrossRef]


http://doi.org/10.1164/rccm.201312-2221PP
http://www.ncbi.nlm.nih.gov/pubmed/24641682
http://doi.org/10.1016/S0140-6736(11)60052-4
http://doi.org/10.7326/0003-4819-134-2-200101160-00015
http://www.ncbi.nlm.nih.gov/pubmed/11177318
http://doi.org/10.1152/ajplung.00069.2014
http://doi.org/10.1164/rccm.201404-0744OC
http://doi.org/10.1164/rccm.200705-683OC
http://doi.org/10.3390/ijms22158335
http://doi.org/10.1038/s41598-018-21073-x
http://doi.org/10.1186/s12931-019-1100-4
http://doi.org/10.1038/s41598-019-56339-5
http://doi.org/10.1164/rccm.201506-1063ST
http://doi.org/10.1186/gb-2004-5-10-r80
http://doi.org/10.18129/B9.bioc.affycoretools
http://doi.org/10.1093/biostatistics/4.2.249
http://doi.org/10.1093/nar/gkv007
http://doi.org/10.1093/bioinformatics/btw313
http://doi.org/10.1214/16-AOAS920
http://doi.org/10.1002/wics.147
http://doi.org/10.18129/B9.bioc.EnhancedVolcano
http://doi.org/10.1111/jcmm.13136
http://doi.org/10.1093/bioinformatics/btt703
http://doi.org/10.1186/1471-2105-14-128
http://doi.org/10.1093/nar/gkw377

Cells 2022, 11, 3014 15 of 16

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Xie, Z.; Bailey, A.; Kuleshov, M.V,; Clarke, D.].B.; Evangelista, ].E.; Jenkins, S.L.; Lachmann, A.; Wojciechowicz, M.L.; Kropiwnicki,
E.; Jagodnik, K.M.; et al. Gene Set Knowledge Discovery with Enrichr. Curr. Protoc. 2021, 1, €90. [CrossRef]

Bouros, E.; Filidou, E.; Arvanitidis, K.; Mikroulis, D.; Steiropoulos, P.; Bamias, G.; Bouros, D.; Kolios, G. Lung Fibrosis-Associated
Soluble Mediators and Bronchoalveolar Lavage from Idiopathic Pulmonary Fibrosis Patients Promote the Expression of Fibrogenic
Factors in Subepithelial Lung Myofibroblasts. Pulm. Pharmacol. Ther. 2017, 46, 78-87. [CrossRef]

Bolafios, A.L.; Milla, C.M.; Lira, J.C.; Ramirez, R.; Checa, M.; Barrera, L.; Garcia-Alvarez, J.; Carbajal, V.; Becerril, C.;
Gaxiola, M.; et al. Role of Sonic Hedgehog in Idiopathic Pulmonary Fibrosis. Am. ]. Physiol. Lung Cell. Mol. Physiol. 2012,
303, 1.978-1.990. [CrossRef]

Selman, M.; Lopez-Otin, C.; Pardo, A. Age-Driven Developmental Drift in the Pathogenesis of Idiopathic Pulmonary Fibrosis.
Eur. Respir. ]. 2016, 48, 538-552. [CrossRef]

Epstein Shochet, G.; Brook, E.; Bardenstein-Wald, B.; Shitrit, D. TGF-f3 Pathway Activation by Idiopathic Pulmonary Fibrosis (IPF)
Fibroblast Derived Soluble Factors Is Mediated by IL-6 Trans-Signaling. Respir. Res. 2020, 21, 56. [CrossRef]

Le, T-T.T.; Karmouty-Quintana, H.; Melicoff, E.; Le, T.-T.T.; Weng, T.; Chen, N.-Y.; Pedroza, M.; Zhou, Y.; Davies, J.; Philip, K.; et al.
Blockade of IL-6 Trans Signaling Attenuates Pulmonary Fibrosis. J. Immunol. 2014, 193, 3755-3768. [CrossRef]

Sullivan, D.L; Jiang, M.; Hinchie, A.M.; Roth, M.G.; Bahudhanapati, H.; Nouraie, M.; Liu, J.; McDyer, ].F.; Mallampalli, R.K,;
Zhang, Y.; et al. Transcriptional and Proteomic Characterization of Telomere-Induced Senescence in a Human Alveolar Epithelial
Cell Line. Front. Med. 2021, 8, 600626. [CrossRef] [PubMed]

Chen, T.; Guo, Y,; Wang, J.; Ai, L.; Ma, L.; He, W.; Li, Z,; Yu, X,; Li, J.; Fan, X,; et al. LncRNA CTD-2528L19.6 Prevents the
Progression of IPF by Alleviating Fibroblast Activation. Cell Death Dis. 2021, 12, 600. [CrossRef] [PubMed]

Ali, M.K;; Kim, RY,; Brown, A.C.; Donovan, C.; Vanka, K.S.; Mayall, ].R.; Liu, G.; Pillar, A L.; Jones-Freeman, B.; Xenaki, D.; et al.
Critical Role for Iron Accumulation in the Pathogenesis of Fibrotic Lung Disease. J. Pathol. 2020, 251, 49-62. [CrossRef] [PubMed]
Allden, S.J.; Ogger, P.P.; Ghai, P; McErlean, P.; Hewitt, R.; Toshner, R.; Walker, S.A.; Saunders, P; Kingston, S.; Molyneaux, P.L.; et al.
The Transferrin Receptor CD71 Delineates Functionally Distinct Airway Macrophage Subsets during Idiopathic Pulmonary
Fibrosis. Am. J. Respir. Crit. Care Med. 2019, 200, 209-219. [CrossRef]

Ashley, S.L.; Wilke, C.A.; Kim, K.K.; Moore, B.B. Periostin Regulates Fibrocyte Function to Promote Myofibroblast Differentiation
and Lung Fibrosis. Mucosal Immunol. 2017, 10, 341-351. [CrossRef]

Leppéranta, O.; Sens, C.; Salmenkivi, K.; Kinnula, V.L.; Keski-Oja, ].; Mylldrniemi, M.; Koli, K. Regulation of TGF-f3 Storage and
Activation in the Human Idiopathic Pulmonary Fibrosis Lung. Cell Tissue Res. 2012, 348, 491-503. [CrossRef]

Jain, R.; Shaul, PW.; Borok, Z.; Willis, B.C. Endothelin-1 Induces Alveolar Epithelial-Mesenchymal Transition through Endothelin
Type A Receptor-Mediated Production of TGF-betal. Am. |. Respir. Cell Mol. Biol. 2007, 37, 38—47. [CrossRef]

Park, S.H.; Saleh, D.; Giaid, A.; Michel, R.P. Increased Endothelin-1 in Bleomycin-Induced Pulmonary Fibrosis and the Effect of
an Endothelin Receptor Antagonist. Am. J. Respir. Crit. Care Med. 1997, 156, 600-608. [CrossRef]

Gordan, ].D.; Bertout, J].A.; Hu, C.-J.; Diehl, J.A.; Simon, M.C. HIF-2x Promotes Hypoxic Cell Proliferation by Enhancing c-Myc
Transcriptional Activity. Cancer Cell 2007, 11, 335-347. [CrossRef]

Mizuno, S.; Bogaard, H.J.; Voelkel, N.E; Umeda, Y.; Kadowaki, M.; Ameshima, S.; Miyamori, L; Ishizaki, T. Hypoxia Regulates
Human Lung Fibroblast Proliferation via p53-Dependent and -Independent Pathways. Respir. Res. 2009, 10, 17. [CrossRef]
Cisneros, J.; Hagood, J.; Checa, M.; Ortiz-Quintero, B.; Negreros, M.; Herrera, I.; Ramos, C.; Pardo, A.; Selman, M.
Hypermethylation-Mediated Silencing of p14ARF in Fibroblasts from Idiopathic Pulmonary Fibrosis. Am. . Physiol.-Lung Cell.
Mol. Physiol. 2012, 303, L295-L303. [CrossRef]

Romero, Y.; Bueno, M.; Ramirez, R.; Alvarez, D.; Sembrat, J.C.; Goncharova, E.A.; Rojas, M.; Selman, M.; Mora, A.L.; Pardo, A.
mTORC1 Activation Decreases Autophagy in Aging and Idiopathic Pulmonary Fibrosis and Contributes to Apoptosis Resistance
in IPF Fibroblasts. Aging Cell 2016, 15, 1103-1112. [CrossRef]

Luis-Garcia, E.R.; Becerril, C.; Salgado-Aguayo, A.; Aparicio-Trejo, O.E.; Romero, Y.; Flores-Soto, E.; Mendoza-Milla, C.; Montano,
M.; Chagoya, V.; Pedraza-Chaverri, J.; et al. Mitochondrial Dysfunction and Alterations in Mitochondrial Permeability Transition
Pore (mPTP) Contribute to Apoptosis Resistance in Idiopathic Pulmonary Fibrosis Fibroblasts. Int. ]. Mol. Sci. 2021, 22, 7870.
[CrossRef]

Hu, C.-J.; Wang, L.-Y,; Chodosh, L.A.; Keith, B.; Simon, M.C. Differential Roles of Hypoxia-Inducible Factor 1« (HIF-1x) and
HIF-2« in Hypoxic Gene Regulation. Mol. Cell. Biol. 2003, 23, 9361-9374. [CrossRef]

Loboda, A.; Jozkowicz, A.; Dulak, J. HIF-1 versus HIF-2—Is One More Important than the Other? Vasc. Pharmacol. 2012,
56, 245-251. [CrossRef]

Le Bras, A.; Lionneton, F; Mattot, V.; Lelievre, E.; Caetano, B.; Spruyt, N.; Soncin, F. HIF-2« Specifically Activates the VE-
Cadherin Promoter Independently of Hypoxia and in Synergy with Ets-1 through Two Essential ETS-Binding Sites. Oncogene
2007, 26, 7480-7489. [CrossRef]

Coulet, F; Nadaud, S.; Agrapart, M.; Soubrier, F. Identification of Hypoxia-Response Element in the Human Endothelial
Nitric-Oxide Synthase Gene Promoter. J. Biol. Chem. 2003, 278, 46230-46240. [CrossRef]

Lin, Q.; Cong, X.; Yun, Z. Differential Hypoxic Regulation of Hypoxia-Inducible Factors 1« and 2«. Mol. Cancer Res. 2011,
9, 757-765. [CrossRef]


http://doi.org/10.1002/cpz1.90
http://doi.org/10.1016/j.pupt.2017.08.012
http://doi.org/10.1152/ajplung.00184.2012
http://doi.org/10.1183/13993003.00398-2016
http://doi.org/10.1186/s12931-020-1319-0
http://doi.org/10.4049/jimmunol.1302470
http://doi.org/10.3389/fmed.2021.600626
http://www.ncbi.nlm.nih.gov/pubmed/33634147
http://doi.org/10.1038/s41419-021-03884-5
http://www.ncbi.nlm.nih.gov/pubmed/34112765
http://doi.org/10.1002/path.5401
http://www.ncbi.nlm.nih.gov/pubmed/32083318
http://doi.org/10.1164/rccm.201809-1775OC
http://doi.org/10.1038/mi.2016.61
http://doi.org/10.1007/s00441-012-1385-9
http://doi.org/10.1165/rcmb.2006-0353OC
http://doi.org/10.1164/ajrccm.156.2.9607123
http://doi.org/10.1016/j.ccr.2007.02.006
http://doi.org/10.1186/1465-9921-10-17
http://doi.org/10.1152/ajplung.00332.2011
http://doi.org/10.1111/acel.12514
http://doi.org/10.3390/ijms22157870
http://doi.org/10.1128/MCB.23.24.9361-9374.2003
http://doi.org/10.1016/j.vph.2012.02.006
http://doi.org/10.1038/sj.onc.1210566
http://doi.org/10.1074/jbc.M305420200
http://doi.org/10.1158/1541-7786.MCR-11-0053

Cells 2022, 11, 3014 16 of 16

50.

51.

52.

53.

54.

Holmquist-Mengelbier, L.; Fredlund, E.; Lofstedt, T.; Noguera, R.; Navarro, S.; Nilsson, H.; Pietras, A.; Vallon-Christersson,
J.; Borg, A.; Gradin, K;; et al. Recruitment of HIF-1x and HIF-2« to Common Target Genes Is Differentially Regulated in
Neuroblastoma: HIF-2c Promotes an Aggressive Phenotype. Cancer Cell 2006, 10, 413-423. [CrossRef]

Adamovich, Y.; Ladeuix, B.; Golik, M.; Koeners, M.P,; Asher, G. Rhythmic Oxygen Levels Reset Circadian Clocks through HIF1«.
Cell Metab. 2017, 25,93-101. [CrossRef]

Selman, M.; Pardo, A.; Kaminski, N. Idiopathic Pulmonary Fibrosis: Aberrant Recapitulation of Developmental Programs? PLoS
Med. 2008, 5, e62. [CrossRef]

Novianti, T.; Juniantito, V.; Jusuf, A.A.; Arida, E.A.; Jusman, S.W.A ; Sadikin, M. Expression and Role of HIF-1a and HIF-2& in
Tissue Regeneration: A Study of Hypoxia in House Gecko Tail Regeneration. Organogenesis 2019, 15, 69-84. [CrossRef]
Scheerer, N.; Dehne, N.; Stockmann, C.; Swoboda, S.; Baba, H.A.; Neugebauer, A.; Johnson, R.S.; Fandrey, ]. Myeloid Hypoxia-
Inducible Factor-1c Is Essential for Skeletal Muscle Regeneration in Mice. J. Immunol. 2013, 191, 407-414. [CrossRef]


http://doi.org/10.1016/j.ccr.2006.08.026
http://doi.org/10.1016/j.cmet.2016.09.014
http://doi.org/10.1371/journal.pmed.0050062
http://doi.org/10.1080/15476278.2019.1644889
http://doi.org/10.4049/jimmunol.1103779

	Introduction 
	Materials and Methods 
	Human Lung Fibroblasts 
	Hypoxia 
	Total RNA Extraction 
	Microarray Hybridization 
	Analysis of Differential Gene Expression 
	Data Visualization 
	Enrichment Pathways Analysis and Networks Generation 

	Results 
	Transcriptional Response to Hypoxia in Control and IPF-Derived Lung Fibroblasts 
	Shared Hypoxic Genes Float in a Sea of Doubts 
	The Transcription Signature of Hypoxia in IPF Fibroblasts 

	Discussion 
	Conclusions 
	References

