@ PLOS|ONE

Check for
updates

G OPEN ACCESS

Citation: Negreros M, Hagood JS, Espinoza CR,
Balderas-Martinez Y1, Selman M, Pardo A (2019)
Transforming growth factor beta 1 induces
methylation changes in lung fibroblasts. PLoS ONE
14(10): e0223512. https://doi.org/10.1371/journal.
pone.0223512

Editor: Yan-Ming Xu, Shantou University, CHINA
Received: June 8, 2019

Accepted: September 22, 2019

Published: October 11, 2019

Copyright: © 2019 Negreros et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the manuscript and its Supporting
Information files. The high-throughput data was
submitted to the Gene Expression Omnibus
database (https://www.ncbi.nim.nih.gov/geo/),
SuperSerie accession number: GSE135099
(Expression data: GSE135065, Methylation data:
GSE135097).

Funding: This work was supported by Consejo
Nacional de Ciencia y Tecnologia, Award number:
281074 (Recipient, Annie Pardo), National
Institutes of Health, Award number: RO1-

RESEARCH ARTICLE

Transforming growth factor beta 1 induces
methylation changes in lung fibroblasts

Miguel Negreros', James S. Hagood®??3, Celia R. Espinoza®, Yalbi . Balderas-Martinez*®,
Moisés Selman®, Annie Pardo'*

1 Facultad de Ciencias Universidad Nacional Auténoma de México, Mexico City, Mexico, 2 Department of
Pediatrics, Division of Respiratory Medicine, University of California-San Diego, La Jolla, California, United
States of America, 3 Department of Pediatrics, Pulmonology Division, University of North Carolina at Chapel
Hill, Chapel Hill, North Carolina, United States of America, 4 Instituto Nacional de Enfermedades
Respiratorias Ismael Cosio Villegas, Mexico City, Mexico, 5 Catedra CONACyT-INER, Mexico City, Mexico

* apardos @unam.mx

Abstract

Idiopathic pulmonary fibrosis is a complex disease of unknown etiology. Environmental fac-
tors can affect disease susceptibility via epigenetic effects. Few studies explore global DNA
methylation in lung fibroblasts, but none have focused on transforming growth factor beta-1
(TGF-B1) as a potential modifier of the DNA methylome. Here we analyzed changes in
methylation and gene transcription in normal and IPF fibroblasts following TGF-B1 treat-
ment. We analyzed the effects of TGF-B1 on primary fibroblasts derived from normal or IPF
lungs treated for 24 hours and 5 days using the lllumina 450k Human Methylation array and
the Prime View Human Gene Expression Array. TGF-B1 induced an increased number of
gene expression changes after short term treatment in normal fibroblasts, whereas greater
methylation changes were observed following long term stimulation mainly in IPF fibro-
blasts. DNA methyltransferase 3 alpha (DMNT3a) and tet methylcytosine dioxygenase 3
(TET3) were upregulated after 5-days TGF-B1 treatment in both cell types, whereas
DNMT3a was upregulated after 24h only in IPF fibroblasts. Our findings demonstrate that
TGF-B1 induced the upregulation of DNMT3a and TET3 expression and profound changes
in the DNA methylation pattern of fibroblasts, mainly in those derived from IPF lungs.

Introduction

Idiopathic Pulmonary Fibrosis (IPF) is an irreversible, chronic, progressive and lethal disease
of unknown etiology, characterized by excessive extracellular matrix (ECM) deposition [1].
ECM is secreted mainly by activated fibroblasts under certain stimuli [2].

Several molecules/cytokines have been previously described as key effectors of the fibrotic
response. Among them, transforming growth factor-beta 1(T'GF-B1) is considered one of the
most potent mediators of tissue remodeling and fibrosis (3, 4]. TGF-B1 promotes fibroblast
proliferation, and their differentiation to myofibroblasts, highly synthetic cells producing mul-
tiple ECM components (mainly collagens) with increased contractility and apoptosis resis-
tance [5-8]. This phenotypic change is the result of the strong effect of TGF-B1 on global gene
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expression [9, 10], likely associated with epigenetic mechanisms [11]. Additionally, recent
studies have linked alterations in DNA methylation, one of the best understood epigenetic pro-
cesses, with aging, a driver of IPF [12].

Some prior studies have analyzed DNA methylation differences in IPF and normal human
lungs, but studies on isolated fibroblasts and those evaluating primarily the role of TGF-f1 are
scanty [13, 14]. One targeted study considers TGF-f1 as a DNA methylation modulator; how-
ever, it lacks analysis of the global methylation landscape [15].

In our study, we used Illumina 450k technology to evaluate methylation of 485,512 CpG
sites, in normal and IPF derived fibroblasts under short (24h) and longer-term (5d) TGF-f1
stimulation. In addition, we examined the methylation relative to gene location and the rela-
tionship to changes in gene expression.

Materials and methods
Cell culture

Primary human lung fibroblasts were obtained from normal and IPF lungs under protocols
approved by the ethics committee of the Instituto Nacional de Enfermedades Respiratorias
(INER), and the participants gave written informed consent. IPF fibroblasts were obtained
from five patients by open lung biopsy usually performed 1 week after hospital admission for
diagnosis purposes. IPF was diagnosed as described elsewhere, including the characteristic
high-resolution computed tomography imaging and morphology of usual interstitial pneumo-
nia [16] Interstitial lung diseases associated with connective tissue disorders or with environ-
mental and occupational exposures were excluded.

Patients (three male and two female; four former smokers and one nonsmoker) aged 63 + 5
yr (mean + standard deviation [SD]) were inpatients at INER, Mexico City. All of them had
progressive dyspnea, restrictive pulmonary function tests (forced vital capacity: 67 + 3%),
reduced diffusion lung capacity of carbon monoxide (DLCO: 59.2 + 3.5%), and hypoxemia at
rest (91 + 1.5%) worsening with exercise (81 + 3.5%). None of the patients had been treated
with corticosteroids or immunosuppressive drugs at the time of biopsy. [17]

Control fibroblasts (n = 4; three male and one female; three smokers and one non-
smoker) were derived from lungs of age-matched patients undergoing lobectomy/pneumo-
nectomy for removal of a primary lung tumor which showed no histologic evidence of
disease. Cells were obtained by enzymatic dispersion with trypsin (Sigma-Aldrich). Addi-
tionally, a normal human lung fibroblast (NHLF) cell line was obtained from Lonza. All pri-
mary cultures were grown in Ham’s F-12 medium (Gibco) with 10% FBS (Gibco), while
NHLF were grown in Lonza FGM, at 37°C in an atmosphere of 95% air and 5% CO, until
early confluence from passage 6 to 8. Then, cells were treated with TGF-B1 (10 ng/ml),
using two different time periods (24 hours or 5 days) all of them cultured in Ham’s F-12
with low serum (0.1%). The dosage and time periods were determined based on the results
of previous studies [18].

DNA extraction

Genomic DNA extraction was performed with MasterPure Complete DNA and RNA purifica-
tion Kit (Epicentre) following the manufacturer’s instructions. Total DNA was resuspended in
a volume of 20pl. DNA concentration and quality were determined by spectrophotometry
(ND-1000 UV/Vis Spectrophotometer, NanoDropTecnologies USA).
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RNA extraction and qRT-PCR analysis

Total RNA was extracted from human lung fibroblasts with TRIzol reagent (Invitrogen),
according to the manufacturer’s instructions. 1pug of RNA was reverse transcribed into cDNA,
and real-time PCR was performed using Verso cDNA Synthesis Kit (Applied Biosystems)
according to the manufacturer’s instructions.

Fibroblast gene expression screening analysis for collagen type I alpha 1 chain (COL1Al),
collagen type I alpha 2 chain (COL1A2), actin alpha 2 smooth muscle (ACTA2), Thy-1 cell
surface antigen (THY1), fibronectin containing extra domain A (FnEDA), and hypoxanthine
phosphoribosyltransferase 1 (HPRT1; as housekeeping gene for normalization) were per-
formed with SYBR Green PCR Master Mix (BioRad) (S1 Table).

DNA methyltransferase 3 alpha (DNMT3a) and tet methylcytosine dioxygenase 3 (TET3)
expression were determined by real-time PCR using TagMan Gene Expression Assays
(Applied Biosystems) and RNA polymerase II subunit A (POLR2A) was used as housekeeping
gene for normalization. The amplification reactions were done in a LightCycler 480 (Roche)
with Maxima Probe qPCR Master Mix (Thermo Fisher Scientific). The relative quantitation
method based on the 2 T was used to analyze the results of two independent experiments
made in triplicate.

Global gene expression and DNA methylation assays

Global RNA assay was performed with Affymetrix GeneChip PrimeViewT Human Gene
Expression Array. The array was processed using R 3.4.2 [19], using Bioconductor 3.6 [20],
with afty package. Background correction and data normalization were performed using
RMA. 49,495 probes were calculated for their expression level. Expression levels of three tech-
nical replicates of each condition were averaged. To obtain differentially expressed genes,
Limma package was used [21]. Probes with adjusted p-value < 0.01 and log2 fold change > 2
and < -2 were considered as differentially expressed and were mapped to the genome using
Affymetrix annotation.

For the DNA methylation global assay, Infinium Human Methylation 450 BeadChip kit
was used as per manufacturer instructions. Data were analyzed using R 3.4.2 [19], using Bio-
conductor 3.6 [20], following the pipeline of Maksimovic [22]. Methylation status of 485,512
loci was determined [23]. For all probed genomic positions, detection p-values >0.01 were fil-
tered out (485,179 loci). Probes with SNPs at CpG or SBE site were filtered (456,352), followed
by filtering of probes that have shown to be cross-reactive, leaving 429,792 probes used for
analysis [24]. For differential expression analysis, the methylation levels of two replicates
under each condition were averaged to consider a region as a differentially methylated locus
(DML) and selected according to limma package results (p-value < 0.00005). CpG probes
were associated with RefSeq genes, island regions and subclassified according to the UCSC
annotation database [25]. For the analysis, gene regions were grouped as follows: Promoter
(TSS1500 and TSS200), 5’UTR/1*" Exon, Body and 3° UTR. Overlapped genes from methyla-
tion and expression were collected.

The high-throughput data was submitted to the Gene Expression Omnibus database
(https://www.ncbi.nlm.nih.gov/geo/), SuperSerie accession number: GSE135099 (Expression
data: GSE135065, Methylation data: GSE135097).

Enrichment analysis

To analyze the biological significance of microarray expression changes, significant up- and
down- regulated genes that passed adjusted p-value < 0.01 were uploaded to Enrichr tool to
perform enrichment analysis with gene ontology biological processes (GOBP) [26].
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GO terms that passed adjusted p-value <0.01 were ordered using combined score. Catego-
ries that shared the same genes were discarded to eliminate group overrepresentation. The top
10 GOBP terms were chosen for graphs. The detailed gene lists and GO/ analysis are attached
separately (S2 Table).

Results
Fibroblasts’ response to TGF-p1

From a group of four primary cell lines examined from normal human lungs and five from
IPF lungs, we chose one of each group to evaluate the global gene expression and methylation.
We based our selection on a qRT-PCR screening of genes with well-known response to TGE-
B1[9, 15, 27-29]. Both selected fibroblast cell lines showed significantly increased expression
of COL1A1, COL1A2, ACTA2, FnEDA after 24-hours and 5-days of TGF-B1 treatment. A sig-
nificantly decreased expression of THY1 after 24 hours and 5 days of TGF-f1 treatment was
observed, although the IPF line selected had lower basal THY1 expression, as we have demon-
strated previously [30-32]. (Fig 1)

Interestingly, after 5 days of TGF-B1 treatment IPF fibroblasts showed a higher expression
of ACTA2, and FnEDA and a lower increase of COL1A1 and A2 compared with the normal
ones.

TGF-B1-induced gene expression changes

Microarray expression analysis revealed that a higher number of genes had expression changes
after short-term (24 hours), compared with long-term (5 days) TGF-B1 stimulus. Likewise,
short-term treatment induced greater changes in normal fibroblasts (25%) than in IPF fibro-
blasts (§3-S6 Tables). As shown in Fig 2A, in both IPF and normal cell lines a greater propor-
tion of genes were downregulated, which even was more evident at 5 five days.

In order to compare if the effect of the TGF-P1 stimuli was similar or different in fibroblasts
derived from normal or IPF lungs, we performed a Gene Ontology enrichment analysis of
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Fig 1. qQRT-PCR screening analysis of normal and IPF fibroblast cell lines after TGF-p1 stimuli. Dark bars
represent normal fibroblast and grey bars their IPF counterpart gene expression of collagens (COL1A1 and COL1A2),
EDA fibronectin (FnEDA) a-smooth muscle actin (ACTA2) and Thy-1 (THY1), respectively These are the result of
two independent experiments; **p<0.05.

https://doi.org/10.1371/journal.pone.0223512.9001
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Fig 2. TGF-B1 changed gene expression predominantly at 24 hours and GOBP category enrichment differed
between treatments. Number of genes that changed expression after 24 hours (24h) or 5 days (5d) of TGF-p1
treatment in normal or IPF derived fibroblasts. The number inside or over the white (downregulation) or gray
(upregulation) bars represent the percentage of genes that present expression changes (A). Groups of bars represent
the top ten GOBP terms ranked by combined score, associated with short-term (B) and long-term (C) treatment. Each
graph groups GOs of downregulated genes in the left and upregulated genes on the right. Terms belonging to closely
related categories are highlighted in the same color (blue for downregulated and red for upregulated genes) as specified
in each graph. Grey bars represent ungrouped categories, each bar details are specified in (S2 Table).

https://doi.org/10.1371/journal.pone.0223512.9002

Biological Processes (GOBP) with the significantly up- and down-modulated genes of the
Array. Genes upregulated with short-term TGF-p1 treatment revealed enrichment in catego-
ries related to sterol regulatory element-binding protein (SREBP) signaling and regulation of
cell proliferation in both fibroblast lines. In contrast, the enriched groups for the downregu-
lated genes were different. In the normal cell line, changes were related to signaling associated
with the anti-tumor drug, daunorubicin, while the changes in the IPF derived fibroblasts were
associated with Mitogen-Activated Protein Kinases (MAPK) processes (Fig 2B).

On the other hand, the upregulated genes with long-term TGF-B1 treatment comprised cat-
egories associated with extracellular matrix production in both cell lines; additionally, the IPF
line showed enrichment for the cell migration category. Also, the down-modulated group of
genes in both fibroblast lines were enriched for cell proliferation categories (Fig 2C).

Effect of TGF-B1 on the methylation machinery

Microarray expression analysis showed that Tet methylcytosine dioxygenase 3 (TET3) was
upregulated in both normal and IPF fibroblast cell lines. To confirm this finding, TET3 was
measured by real-time PCR in two IPF and two normal cell lines, at 1 and five days of stimulus
with TGF-B1. As shown in Fig 3A, while no changes were observed at 1 day, at 5 days TGF-p1
induced a significant increase of TET3. Recently, TET family proteins have been described as
part of the cytosine demethylation process. Since methylation is dynamically regulated
through the coordinated action of the DNMTs and TET enzymes, we wondered whether the
expression of DNMTs was also modified by TGF-B1. We examined DNMT1, DNMT3a and
DNMT3b (DNA methyltransferase 1, 3 alpha and 3 beta), and we found that DNMT?3a was
significantly upregulated after 24 hours in IPF fibroblast and after 5-day treatment in both cell
lines (Fig 3B, p<0.05).
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Fig 3. TGF-p1 alters the expression of the methylation/demethylation machinery. Black and Gray bars represent
normal and IPF fibroblasts, respectively. qRT-PCR of TET3 (A) and DNMT?3a (B) after short and long term TGF-B
treatment. (*p<0.05) The figure shows one representative cell line of each group from two normal and two IPF cell
lines tested. All measurements are result of two independent triplicate experiments.

https://doi.org/10.1371/journal.pone.0223512.9003

Effect of TGF-B1 on the methylome

TGF-B1 modified DNA methylation of normal and IPF fibroblasts after 24 hours and 5 days of
TGEF-B1 stimulus (Fig 4A). In both cell lines the effect was significantly higher at 5 days.
Another remarkable feature was the presence of more gene methylation changes in the IPF
fibroblasts in comparison with the normal cell line with the majority of the changes represent-
ing hypermethylation. (§7-S10 Tables, Fig 4A).

Despite DNA methylation having been studied mostly in gene promoters and in stretches
of CpG dinucleotides (known as Islands), this modification can occur anywhere in the gene
and more distant from these clusters. The impact on gene expression depends in part on both
CpG-density and gene localization where DNA methylation occurs [33].

When we focused on the distribution of these changes in relation to the CpG Island dis-
tance, we found that in the normal fibroblasts most methylation changes induced by TGF-p1
occurred directly in the islands (67-80%), whereas in the IPF fibroblasts, the Island and Open
sea were the best represented groups (between 33-54% and 50-34%, respectively; Fig 4B).
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Fig 4. Methylation gene frequency and gene localization/ CpG density of those changes after TGF-B1 treatment.
(A) The number of genes with changed methylation status in normal and IPF fibroblast after 24 hours (24h) or five
days (5d) of TGF-P1 treatment. Numbers inside the bars represent the percentage of hypomethylated (gray),
hypermethylated (black) genes. (Fold Change) (B) Percentage of genes that change methylation status relative to CpG
island distance (Island, Shore, Shelf and Open sea) or to the Gene (Promoter, 5UTR/1* Exon, Body and 3’'UTR) at 24
hours (light blue, orange) and five days (dark blue, yellow) in Normal (upper) and IPF (lower) fibroblasts.

https://doi.org/10.1371/journal.pone.0223512.9004
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On the other hand, when the methylation changes were analyzed in relation to the UCSC
database gene regions (22), most of the changes in the normal fibroblasts are similarly distrib-
uted in three categories: Promoter, 5UTR/1*Exon, and Body (~30%), although the first two
seem to decrease with sustained TGF-B1 treatment. In the IPF cell line, the most notable char-
acteristic was the overrepresentation of the gene body category (~40%) and, unlike the case in
normal fibroblasts, it decreased with the treatment time. (Fig 4C)

Overlap between gene methylation and gene expression

Few genes exhibited an overlap of methylation and expression changes. Unlike other studies,
we did not restrict our analysis to those with an inverse correlation (S1 Fig). In fibroblasts
from normal human lungs, a limited number of genes changed and hypermethylation was
prevalent. In the case of the IPF fibroblasts we found under extended treatment (5 days) the
largest number of genes with altered expression levels and the highest rates of hypomethylation
(Fig 5)

The genes that share changes in methylation and gene expression after TGF-B1 treatment
were very limited. In this context, we analyzed all the groups together to find out a possible
pattern independently of a positive or inverse correlation. When methylation was classified by
gene region, we didn’t find any difference between groups of expressed genes (Fig 6A), but
when we focus on CpG Island distance, we found that downregulated genes are associated
with methylation that occurs directly in the CpG Island while Open Sea is best represented cat-
egory in the overexpressed genes. (Fig 6B)

Discussion

During repair following tissue damage, lung fibroblasts must coordinately express and silence
genes involved in processes such as migration, proliferation, deposition of extracellular matrix,
differentiation and apoptosis, which will allow the correct repair of the insult. A complex inter-
play of epigenetic mechanisms coordinate the correct execution of those programs, and the
failure of this regulation has been associated with factors such as age and environment [11].
The loss of this coordination, as occurs in IPF, will lead to pathological phenotypes associated
with the disease (1, 28).

TGE-P1 is likely the strongest profibrotic mediator and plays a critical role in the activation
of fibroblasts, but its effects on DNA methylation are not well described. In the present study,
we focused on the effects of short and longer-term exposure to TGF-B1 on gene expression
and DNA methylation patterns, as well as changes in regulators of DNA methylation, in IPF
and normal lung fibroblasts. We found that a 24h TGF-p1 stimulus generates gene expression
changes related to regulatory pathways and transcriptional factors (MAPK, SREBP, and dau-
norubicin-associated pathways) while the longer-term stimulus provoked changes related to
the fibrotic phenotype of fibroblasts, previously described in IPF, such as increased migration
and secretion of matrix molecules and decreased proliferation [34]. Additionally, we found
that TGF-B1 generates a higher number of changes in expression at 24 hours, in contrast to
changes in methylation that mainly occur at five days. Interestingly, normal fibroblasts showed
significantly more gene expression changes, while IPF fibroblasts underwent more modifica-
tions in the methylome. The changes in methylation might be related to the increased
DNMT3a expression that we found after TGF-B1 stimulation. Interestingly, in renal fibrosis, it
has been reported that long term TGF-f1 stimulation induced DNA methylation, but DNMT1
was found to be related to this change. [18].

Use of the Illumina 450k platform allowed us to determine the exact localization of methyl-
ation changes with respect to genes and CpG islands, which in turn, enabled us to discover
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https://doi.org/10.1371/journal.pone.0223512.9005

that after TGF-B1 treatment, most DNA methylation changes occurred in the gene body, con-
firming previously reported findings in fibrotic lungs [35]. Furthermore, when we analyzed
the group of genes that change expression, in addition to undergoing changes in DNA methyl-
ation, we again found that these changes were primarily found in the gene body, supporting
the notion that although gene expression changes have been mainly associated with methyla-
tion in the promoter region, the gene body plays an important role and its methylation is
related to gene overexpression, regulation of isoforms, nucleosome stability and transcription
efficiency as found in genome-wide methylation studies [36-38].

Our data shows that most of the TGF-beta- associated methylation changes occur in the
islands and very few in the surrounding regions such as CpG shores and shelves, which differs
from the findings previously reported in whole lungs [35]. Our study differs from the latter in
that a different platform was used, and the techniques have different intrinsic biases (e. g.
changes are limited to regions in proximity to enzymes recognition sites in the CHARM
method, whereas the Infinium Methylation platform coverage is dependent on assay design)
[39]. However, our study reports significant changes in DNA methylation in CpG islands,
mainly in genes with downregulated expression; further research will be needed to decipher
the biological significance of these changes.
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Fig 6. DNA Methylation changes gene-localization or CpG-density of genes that also changed expression, after
TGF-B1 treatments. Pie charts represent all the genes that change their states of DNA methylation and gene
expression (over and underexpressed, left and right, respectively) after TGF-1 treatment; the methylation is arranged
by UCSC gene regions (upper) and in relation to the distance from CpG islands (lower).

https://doi.org/10.1371/journal.pone.0223512.g006

As in other previous studies using either whole lungs or isolated fibroblasts, we did not find
a correlation pattern in global methylation that accounts for all the changes of gene expression
related to TGF-B1 [13, 14, 35]. In whole-lung studies, it has been suggested that the diversity
and the variable number of cell types in the lung may explain the lack of overlap. However,
even in a prior study using lung fibroblasts, there was a lack of correlation reported [40]. Het-
erogeneity of the lung fibroblasts, as well as the existence of other epigenetic mechanisms regu-
lated by TGF-1, such as altered expression of the histone methyltransferase (SET and MYND
domain containing 3: SMYD?3) [41], which we found overexpressed in our study (S3, S4, S5
and S6 Tables), may contribute to the lack of correlation.

In addition, we also found overexpression of TET3, a member of the TET family responsi-
ble for hydroxymethylation and subsequent demethylation on DNA. Hydroxymethylation
can’t be distinguished from classical methylation with bisulfite approaches, and this modifica-
tion has not been methodologically addressed by global studies of methylation in IPF [42]. The
relative roles of TET3 and DNMT?3a on the expression of any given gene cannot be determined
from our findings.

The most important limitation of our study is the number of samples used; however, our
focus in this study is more on the mechanisms of the response to TGF-B1. Future research
should include greater number of cell lines to circumvent inter-individual bias, as methodo-
logical strategies to study DNA methylation across the whole genome, including analysis of
hydroxymethylation.

Two interesting and novel findings resulted from the gene ontology analysis: the identifica-
tion of modification of pathways related to SREBP and daunorubicin. Those molecules have
been extensively studied and related to lipid homeostasis and to antitumor therapy, respec-
tively. SREBP has been studied in lung injury responses on other cell types such as alveolar
Type II [43, 44] cells, and has been implicated in fibrosis in other organs such as kidney and
liver [45, 46]. In this regard, findings from a study made in renal fibrosis found that inhibition
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of SREBP can diminish extracellular matrix deposition due fibroblast activation [47]. Dauno-

rubicin has been associated in the development of myocardial fibrosis, but this is the first time
it has been related to lung fibroblasts and possible regulation of a fibrotic phenotype [48]. One
study reported that daunorubicin could prevent the formation of epineural fibrosis by inhibi-

tion of fibroblast proliferation [49]. Altogether these findings might suggest a possible role for
therapeutic targeting of these pathways, however, more studies are needed.

Conclusions

In summary, we have examined for the first time the effect of TGF-B1 on DNA methylation in
lung fibroblasts. We found that it affects some important elements of the DNA methylation/
demethylation machinery (DNMT3a and TET3) and that IPF versus normal lung derived
fibroblasts respond differently, likely because of the prior exposure to the fibrotic environment
within the lung.

Supporting information

S1 Fig. Details of genes with overlapping methylation and expression changes followng
TGF-B1 stimulation. Bars and diamonds represent gene expression and methylation changes
against controls. The location of the methylation (related to CpG island or to gene compart-
ment) is shown in the boxes below.

(TTF)

S1 Table. Primers for qPCR analysis.
(XLSX)

$2 Table. Gene ontology (GO) annotation.
(XLSX)

§3 Table. Microarray—Normal TGF-beta 24 hrs vs normal control.
(XLSX)

$4 Table. Microarray—Normal TGF-beta 5 days vs normal control.
(XLSX)

S5 Table. Microarray—IPF TGF-beta 24 hrs vs IPF control.
(XLSX)

S6 Table. Microarray—IPF TGF-beta 5 days vs IPF control.
(XLSX)

S7 Table. Methylation array—Normal TGF-beta 24 hrs vs normal control.
(XLSX)

S8 Table. Methylation array—Normal TGF-beta 5 days vs normal TGF-beta control.
(XLSX)

S9 Table. Methylation array—IPF TGF-beta 24 hrs vs IPF control.
(XLSX)

$10 Table. Methylation array—IPF TGF-beta 5 days vs IPF control.
(XLSX)

Acknowledgments

We thank Remedios Ramirez for her technical support.

PLOS ONE | https://doi.org/10.1371/journal.pone.0223512 October 11, 2019 10/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223512.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223512.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223512.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223512.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223512.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223512.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223512.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223512.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223512.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223512.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223512.s011
https://doi.org/10.1371/journal.pone.0223512

@ PLOS|ONE

Transforming growth factor beta 1 induces methylation changes in lung fibroblasts

Author Contributions
Conceptualization: Miguel Negreros, Moisés Selman, Annie Pardo.
Data curation: Yalbi I. Balderas-Martinez.

Formal analysis: Miguel Negreros, James S. Hagood, Celia R. Espinoza, Yalbi I. Balderas-Mar-
tinez, Moisés Selman, Annie Pardo.

Funding acquisition: James S. Hagood, Annie Pardo.

Investigation: Miguel Negreros, James S. Hagood, Celia R. Espinoza, Yalbi I. Balderas-Marti-
nez, Moisés Selman, Annie Pardo.

Methodology: Miguel Negreros, Celia R. Espinoza, Yalbi I. Balderas-Martinez.
Writing - original draft: Annie Pardo.

Writing - review & editing: Miguel Negreros, James S. Hagood, Yalbi I. Balderas-Martinez,
Moisés Selman, Annie Pardo.

References

1. King TE Jr., Pardo A, Selman M. Idiopathic pulmonary fibrosis. Lancet. 2011; 378(9807):1949-61.
https://doi.org/10.1016/S0140-6736(11)60052-4 PMID: 21719092

2. Pardo A, Selman M. Lung Fibroblasts, Aging, and Idiopathic Pulmonary Fibrosis. Ann Am Thorac Soc.
2016; 13(Supplement_5):S417-S21. https://doi.org/10.1513/AnnalsATS.201605-341AW PMID:
28005427

3. Datta A, Scotton CJ, Chambers RC. Novel therapeutic approaches for pulmonary fibrosis. Br J Pharma-
col. 2011; 163(1):141-72. https://doi.org/10.1111/j.1476-5381.2011.01247.x PMID: 21265830

4. Agostini C, Gurrieri C. Chemokine/cytokine cocktail in idiopathic pulmonary fibrosis. Proc Am Thorac
Soc. 2006; 3(4):357-63. https://doi.org/10.1513/pats.200601-010TK PMID: 16738201

5. Fernandez IE, Eickelberg O. The impact of TGF-beta on lung fibrosis: from targeting to biomarkers.
Proc Am Thorac Soc. 2012; 9(3):111-6. Epub 2012/07/18. https://doi.org/10.1513/pats.201203-023AW
PMID: 22802283

6. Eickelberg O, Kohler E, Reichenberger F, Bertschin S, Woodtli T, Erne P, et al. Extracellular matrix
deposition by primary human lung fibroblasts in response to TGF-betal and TGF-beta3. Am J Physiol.
1999; 276(5 Pt 1):L814-24. https://doi.org/10.1152/ajplung.1999.276.5.L.814 PMID: 10330038

7. Horowitz JC, Rogers DS, Sharma V, Vittal R, White ES, Cui Z, et al. Combinatorial activation of FAK
and AKT by transforming growth factor-beta1 confers an anoikis-resistant phenotype to myofibroblasts.
Cell Signal. 2007; 19(4):761-71. https://doi.org/10.1016/j.cellsig.2006.10.001 PMID: 17113264

8. Scotton CJ, Chambers RC. Molecular targets in pulmonary fibrosis: the myofibroblast in focus. Chest.
2007; 132(4):1311-21. https://doi.org/10.1378/chest.06-2568 PMID: 17934117

9. Chambers RC, Leoni P, Kaminski N, Laurent GJ, Heller RA. Global expression profiling of fibroblast
responses to transforming growth factor-beta1 reveals the induction of inhibitor of differentiation-1 and
provides evidence of smooth muscle cell phenotypic switching. Am J Pathol. 2003; 162(2):533—46.
https://doi.org/10.1016/s0002-9440(10)63847-3 PMID: 12547711

10. Renzoni EA, Abraham DJ, Howat S, Shi-Wen X, Sestini P, Bou-Gharios G, et al. Gene expression pro-
filing reveals novel TGFbeta targets in adult lung fibroblasts. Respir Res. 2004; 5:24. https://doi.org/10.
1186/1465-9921-5-24 PMID: 15571627

11. Hagood JS. Beyond the genome: epigenetic mechanisms in lung remodeling. Physiology (Bethesda).
2014; 29(3):177-85. https://doi.org/10.1152/physiol.00048.2013 PMID: 24789982

12. Benayoun BA, Pollina EA, Brunet A. Epigenetic regulation of ageing: linking environmental inputs to
genomic stability. Nat Rev Mol Cell Biol. 2015; 16(10):593-610. https://doi.org/10.1038/nrm4048 PMID:
26373265

13. Sanders YY, Ambalavanan N, Halloran B, Zhang X, Liu H, Crossman DK, et al. Altered DNA methyla-
tion profile in idiopathic pulmonary fibrosis. Am J Respir Crit Care Med. 2012; 186(6):525-35. https://
doi.org/10.1164/rccm.201201-00770C PMID: 22700861

PLOS ONE | https://doi.org/10.1371/journal.pone.0223512 October 11, 2019 11/13


https://doi.org/10.1016/S0140-6736(11)60052-4
http://www.ncbi.nlm.nih.gov/pubmed/21719092
https://doi.org/10.1513/AnnalsATS.201605-341AW
http://www.ncbi.nlm.nih.gov/pubmed/28005427
https://doi.org/10.1111/j.1476-5381.2011.01247.x
http://www.ncbi.nlm.nih.gov/pubmed/21265830
https://doi.org/10.1513/pats.200601-010TK
http://www.ncbi.nlm.nih.gov/pubmed/16738201
https://doi.org/10.1513/pats.201203-023AW
http://www.ncbi.nlm.nih.gov/pubmed/22802283
https://doi.org/10.1152/ajplung.1999.276.5.L814
http://www.ncbi.nlm.nih.gov/pubmed/10330038
https://doi.org/10.1016/j.cellsig.2006.10.001
http://www.ncbi.nlm.nih.gov/pubmed/17113264
https://doi.org/10.1378/chest.06-2568
http://www.ncbi.nlm.nih.gov/pubmed/17934117
https://doi.org/10.1016/s0002-9440(10)63847-3
http://www.ncbi.nlm.nih.gov/pubmed/12547711
https://doi.org/10.1186/1465-9921-5-24
https://doi.org/10.1186/1465-9921-5-24
http://www.ncbi.nlm.nih.gov/pubmed/15571627
https://doi.org/10.1152/physiol.00048.2013
http://www.ncbi.nlm.nih.gov/pubmed/24789982
https://doi.org/10.1038/nrm4048
http://www.ncbi.nlm.nih.gov/pubmed/26373265
https://doi.org/10.1164/rccm.201201-0077OC
https://doi.org/10.1164/rccm.201201-0077OC
http://www.ncbi.nlm.nih.gov/pubmed/22700861
https://doi.org/10.1371/journal.pone.0223512

@ PLOS|ONE

Transforming growth factor beta 1 induces methylation changes in lung fibroblasts

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Rabinovich El, Kapetanaki MG, Steinfeld |, Gibson KF, Pandit KV, Yu G, et al. Global methylation pat-
terns in idiopathic pulmonary fibrosis. PLoS One. 2012; 7(4):e33770. https://doi.org/10.1371/journal.
pone.0033770 PMID: 22506007

Neveu WA, Mills ST, Staitieh BS, Sueblinvong V. TGF-beta1 epigenetically modifies Thy-1 expression
in primary lung fibroblasts. Am J Physiol Cell Physiol. 2015; 309(9):C616-26. https://doi.org/10.1152/
ajpcell.00086.2015 PMID: 26333597

Raghu G, Collard HR, Egan JJ, Martinez FJ, Behr J, Brown KK, et al. An official ATS/ERS/JRS/ALAT
statement: idiopathic pulmonary fibrosis: evidence-based guidelines for diagnosis and management.
Am J Respir Crit Care Med. 2011; 183(6):788-824. https://doi.org/10.1164/rccm.2009-040GL PMID:
21471066

Raghu G, Rochwerg B, Zhang Y, Garcia CA, Azuma A, Behr J, 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 J Respir Crit Care Med. 2015; 192(2):e€3-19. https://doi.org/10.1164/rccm.
201506-1063ST PMID: 26177183

Bechtel W, McGoohan S, Zeisberg EM, Muller GA, Kalbacher H, Salant DJ, et al. Methylation deter-
mines fibroblast activation and fibrogenesis in the kidney. Nat Med. 2010; 16(5):544-50. Epub 2010/04/
27. https://doi.org/10.1038/nm.2135 PMID: 20418885

Team RC. R: A language and environment for statistical computing. 2014. Available from: https://www.
R-project.org/

Huber W, Carey VJ, Gentleman R, Anders S, Carlson M, Carvalho BS, et al. Orchestrating high-
throughput genomic analysis with Bioconductor. Nat Methods. 2015; 12(2):115-21. https://doi.org/10.
1038/nmeth.3252 PMID: 25633503

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers differential expression analy-
ses for RNA-sequencing and microarray studies. Nucleic Acids Res. 2015; 43(7):e47. Epub 2015/01/
22. https://doi.org/10.1093/nar/gkv007 PMID: 25605792

Maksimovic J, Phipson B, Oshlack A. A cross-package Bioconductor workflow for analysing methyla-
tion array data. F1000Res. 2016; 5:1281. https://doi.org/10.12688/f1000research.8839.3 PMID:
27347385

Aryee MJ, Jaffe AE, Corrada-Bravo H, Ladd-Acosta C, Feinberg AP, Hansen KD, et al. Minfi: a flexible
and comprehensive Bioconductor package for the analysis of Infinium DNA methylation microarrays.
Bioinformatics. 2014; 30(10):1363-9. https://doi.org/10.1093/bicinformatics/btu049 PMID: 24478339

Chen YA, Lemire M, Choufani S, Butcher DT, Grafodatskaya D, Zanke BW, et al. Discovery of cross-
reactive probes and polymorphic CpGs in the lllumina Infinium HumanMethylation450 microarray. Epi-
genetics. 2013; 8(2):203-9. https://doi.org/10.4161/epi.23470 PMID: 23314698

Bibikova M, Barnes B, Tsan C, Ho V, Klotzle B, Le JM, et al. High density DNA methylation array with
single CpG site resolution. Genomics. 2011; 98(4):288-95. https://doi.org/10.1016/j.ygeno.2011.07.
007 PMID: 21839163

Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, Duan Q, Wang Z, et al. Enrichr: a comprehen-
sive gene set enrichment analysis web server 2016 update. Nucleic Acids Res. 2016; 44(W1):W90-7.
https://doi.org/10.1093/nar/gkw377 PMID: 27141961

Gimenez A, Duch P, Puig M, Gabasa M, Xaubet A, Alcaraz J. Dysregulated Collagen Homeostasis by
Matrix Stiffening and TGF-beta1 in Fibroblasts from Idiopathic Puimonary Fibrosis Patients: Role of
FAK/AKkt. Int J Mol Sci. 2017; 18(11). https://doi.org/10.3390/ijms18112431 PMID: 29144435

Oruqaj G, Karnati S, Vijayan V, Kotarkonda LK, Boateng E, Zhang W, et al. Compromised peroxisomes
in idiopathic pulmonary fibrosis, a vicious cycle inducing a higher fibrotic response via TGF-beta signal-
ing. Proc Natl Acad Sci U S A. 2015; 112(16):E2048-57. Epub 2015/04/08. https://doi.org/10.1073/
pnas.1415111112 PMID: 25848047

White ES, Sagana RL, Booth AJ, Yan M, Cornett AM, Bloomheart CA, et al. Control of fibroblast fibro-
nectin expression and alternative splicing via the PISBK/Akt/mTOR pathway. Exp Cell Res. 2010; 316
(16):2644-53. Epub 2010/07/10. https://doi.org/10.1016/j.yexcr.2010.06.028 PMID: 20615404

Sanders YY, Pardo A, Selman M, Nuovo GJ, Tollefsbol TO, Siegal GP, et al. Thy-1 promoter hyper-
methylation: a novel epigenetic pathogenic mechanism in pulmonary fibrosis. Am J Respir Cell Mol Biol.
2008; 39(5):610-8. https://doi.org/10.1165/rcmb.2007-03220C PMID: 18556592

Ramirez G, Hagood JS, Sanders Y, Ramirez R, Becerril C, Segura L, et al. Absence of Thy-1 results in
TGF-beta induced MMP-9 expression and confers a profibrotic phenotype to human lung fibroblasts.
Lab Invest. 2011; 91(8):1206—18. https://doi.org/10.1038/labinvest.2011.80 PMID: 21577212

Hagood JS, Prabhakaran P, Kumbla P, Salazar L, MacEwen MW, Barker TH, et al. Loss of fibroblast
Thy-1 expression correlates with lung fibrogenesis. Am J Pathol. 2005; 167(2):365-79. https://doi.org/
10.1016/S0002-9440(10)62982-3 PMID: 16049324

PLOS ONE | https://doi.org/10.1371/journal.pone.0223512 October 11, 2019 12/13


https://doi.org/10.1371/journal.pone.0033770
https://doi.org/10.1371/journal.pone.0033770
http://www.ncbi.nlm.nih.gov/pubmed/22506007
https://doi.org/10.1152/ajpcell.00086.2015
https://doi.org/10.1152/ajpcell.00086.2015
http://www.ncbi.nlm.nih.gov/pubmed/26333597
https://doi.org/10.1164/rccm.2009-040GL
http://www.ncbi.nlm.nih.gov/pubmed/21471066
https://doi.org/10.1164/rccm.201506-1063ST
https://doi.org/10.1164/rccm.201506-1063ST
http://www.ncbi.nlm.nih.gov/pubmed/26177183
https://doi.org/10.1038/nm.2135
http://www.ncbi.nlm.nih.gov/pubmed/20418885
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1038/nmeth.3252
https://doi.org/10.1038/nmeth.3252
http://www.ncbi.nlm.nih.gov/pubmed/25633503
https://doi.org/10.1093/nar/gkv007
http://www.ncbi.nlm.nih.gov/pubmed/25605792
https://doi.org/10.12688/f1000research.8839.3
http://www.ncbi.nlm.nih.gov/pubmed/27347385
https://doi.org/10.1093/bioinformatics/btu049
http://www.ncbi.nlm.nih.gov/pubmed/24478339
https://doi.org/10.4161/epi.23470
http://www.ncbi.nlm.nih.gov/pubmed/23314698
https://doi.org/10.1016/j.ygeno.2011.07.007
https://doi.org/10.1016/j.ygeno.2011.07.007
http://www.ncbi.nlm.nih.gov/pubmed/21839163
https://doi.org/10.1093/nar/gkw377
http://www.ncbi.nlm.nih.gov/pubmed/27141961
https://doi.org/10.3390/ijms18112431
http://www.ncbi.nlm.nih.gov/pubmed/29144435
https://doi.org/10.1073/pnas.1415111112
https://doi.org/10.1073/pnas.1415111112
http://www.ncbi.nlm.nih.gov/pubmed/25848047
https://doi.org/10.1016/j.yexcr.2010.06.028
http://www.ncbi.nlm.nih.gov/pubmed/20615404
https://doi.org/10.1165/rcmb.2007-0322OC
http://www.ncbi.nlm.nih.gov/pubmed/18556592
https://doi.org/10.1038/labinvest.2011.80
http://www.ncbi.nlm.nih.gov/pubmed/21577212
https://doi.org/10.1016/S0002-9440(10)62982-3
https://doi.org/10.1016/S0002-9440(10)62982-3
http://www.ncbi.nlm.nih.gov/pubmed/16049324
https://doi.org/10.1371/journal.pone.0223512

@ PLOS|ONE

Transforming growth factor beta 1 induces methylation changes in lung fibroblasts

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

llingworth RS, Bird AP. CpG islands—'a rough guide’. FEBS Lett. 2009; 583(11):1713-20. Epub 2009/
04/21. https://doi.org/10.1016/j.febslet.2009.04.012 PMID: 19376112

Alvarez D, Cardenes N, Sellares J, Bueno M, Corey C, Hanumanthu VS, et al. IPF lung fibroblasts have
a senescent phenotype. Am J Physiol Lung Cell Mol Physiol. 2017; 313(6):L1164—-L73. Epub 2017/09/
02. https://doi.org/10.1152/ajplung.00220.2017 PMID: 28860144

Yang IV, Pedersen BS, Rabinovich E, Hennessy CE, Davidson EJ, Murphy E, et al. Relationship of
DNA methylation and gene expression in idiopathic pulmonary fibrosis. Am J Respir Crit Care Med.
2014; 190(11):1263—-72. Epub 2014/10/22. https://doi.org/10.1164/rccm.201408-14520C PMID:
25333685

Kulis M, Heath S, Bibikova M, Queiros AC, Navarro A, Clot G, et al. Epigenomic analysis detects wide-
spread gene-body DNA hypomethylation in chronic lymphocytic leukemia. Nat Genet. 2012; 44
(11):1236—42. Epub 2012/10/16. https://doi.org/10.1038/ng.2443 PMID: 23064414

Yang X, Han H, De Carvalho DD, Lay FD, Jones PA, Liang G. Gene body methylation can alter gene
expression and is a therapeutic target in cancer. Cancer Cell. 2014; 26(4):577—-90. Epub 2014/09/30.
https://doi.org/10.1016/j.ccr.2014.07.028 PMID: 25263941

Varley KE, Gertz J, Bowling KM, Parker SL, Reddy TE, Pauli-Behn F, et al. Dynamic DNA methylation
across diverse human cell lines and tissues. Genome Res. 2013; 23(3):555-67. Epub 2013/01/18.
https://doi.org/10.1101/gr.147942.112 PMID: 23325432

Yong WS, Hsu FM, Chen PY. Profiling genome-wide DNA methylation. Epigenetics Chromatin. 2016;
9:26. Epub 2016/07/01. https://doi.org/10.1186/s13072-016-0075-3 PMID: 27358654

Huang SK, Scruggs AM, McEachin RC, White ES, Peters-Golden M. Lung fibroblasts from patients
with idiopathic pulmonary fibrosis exhibit genome-wide differences in DNA methylation compared to
fibroblasts from nonfibrotic lung. PLoS One. 2014; 9(9):e107055. Epub 2014/09/13. https://doi.org/10.
1371/journal.pone.0107055 PMID: 25215577

Hamamoto R, Furukawa Y, Morita M, limura Y, Silva FP, Li M, et al. SMYD3 encodes a histone methyl-
transferase involved in the proliferation of cancer cells. Nat Cell Biol. 2004; 6(8):731—40. Epub 2004/07/
06. https://doi.org/10.1038/ncb1151 PMID: 15235609

Skinner MK, Guerrero-Bosagna C. Role of CpG deserts in the epigenetic transgenerational inheritance
of differential DNA methylation regions. BMC Genomics. 2014; 15:692. Epub 2014/08/22. https://doi.
org/10.1186/1471-2164-15-692 PMID: 25142051

Besnard V, Wert SE, Stahiman MT, Postle AD, Xu Y, Ikegami M, et al. Deletion of Scap in alveolar type
I cells influences lung lipid homeostasis and identifies a compensatory role for pulmonary lipofibro-
blasts. J Biol Chem. 2009; 284(6):4018-30. Epub 2008/12/17. https://doi.org/10.1074/jbc.M805388200
PMID: 19074148

Plantier L, Besnard V, Xu Y, Ikegami M, Wert SE, Hunt AN, et al. Activation of sterol-response element-
binding proteins (SREBP) in alveolar type |l cells enhances lipogenesis causing pulmonary lipotoxicity.
J Biol Chem. 2012; 287(13):10099—-114. Epub 2012/01/24. https://doi.org/10.1074/jbc.M111.303669
PMID: 22267724

Zhang W, Niu M, Yan K, Zhai X, Zhou Q, Zhang L, et al. Stat3 pathway correlates with the roles of leptin
in mouse liver fibrosis and sterol regulatory element binding protein-1c expression of rat hepatic stellate
cells. Int J Biochem Cell Biol. 2013; 45(3):736—44. Epub 2013/01/09. https://doi.org/10.1016/j.biocel.
2012.12.019 PMID: 23295202

Wang TN, Chen X, Li R, Gao B, Mohammed-Ali Z, Lu C, et al. SREBP-1 Mediates Angiotensin II-
Induced TGF-betal Upregulation and Glomerular Fibrosis. J Am Soc Nephrol. 2015; 26(8):1839-54.
Epub 2014/11/16. https://doi.org/10.1681/ASN.2013121332 PMID: 25398788

Mustafa M, Wang TN, Chen X, Gao B, Krepinsky JC. SREBP inhibition ameliorates renal injury after
unilateral ureteral obstruction. Am J Physiol Renal Physiol. 2016; 311(3):F614-25. Epub 2016/07/08.
https://doi.org/10.1152/ajprenal.00140.2016 PMID: 27385736

Wilcox RG, James PD, Toghill PJ. Endomyocardial fibrosis associated with daunorubicin therapy. Br
Heart J. 1976; 38(8):860-3. Epub 1976/08/01. https://doi.org/10.1136/hrt.38.8.860 PMID: 1067858

Vural E, Yilmaz M, libay K, llbay G. Prevention of Epidural Fibrosis in Rats by Local Administration of
Mitomycin C or Daunorubicin. Turk Neurosurg. 2016; 26(2):291—6. Epub 2016/03/10. https://doi.org/10.
5137/1019-5149.JTN.7705-12.1 PMID: 26956828

PLOS ONE | https://doi.org/10.1371/journal.pone.0223512 October 11, 2019 13/13


https://doi.org/10.1016/j.febslet.2009.04.012
http://www.ncbi.nlm.nih.gov/pubmed/19376112
https://doi.org/10.1152/ajplung.00220.2017
http://www.ncbi.nlm.nih.gov/pubmed/28860144
https://doi.org/10.1164/rccm.201408-1452OC
http://www.ncbi.nlm.nih.gov/pubmed/25333685
https://doi.org/10.1038/ng.2443
http://www.ncbi.nlm.nih.gov/pubmed/23064414
https://doi.org/10.1016/j.ccr.2014.07.028
http://www.ncbi.nlm.nih.gov/pubmed/25263941
https://doi.org/10.1101/gr.147942.112
http://www.ncbi.nlm.nih.gov/pubmed/23325432
https://doi.org/10.1186/s13072-016-0075-3
http://www.ncbi.nlm.nih.gov/pubmed/27358654
https://doi.org/10.1371/journal.pone.0107055
https://doi.org/10.1371/journal.pone.0107055
http://www.ncbi.nlm.nih.gov/pubmed/25215577
https://doi.org/10.1038/ncb1151
http://www.ncbi.nlm.nih.gov/pubmed/15235609
https://doi.org/10.1186/1471-2164-15-692
https://doi.org/10.1186/1471-2164-15-692
http://www.ncbi.nlm.nih.gov/pubmed/25142051
https://doi.org/10.1074/jbc.M805388200
http://www.ncbi.nlm.nih.gov/pubmed/19074148
https://doi.org/10.1074/jbc.M111.303669
http://www.ncbi.nlm.nih.gov/pubmed/22267724
https://doi.org/10.1016/j.biocel.2012.12.019
https://doi.org/10.1016/j.biocel.2012.12.019
http://www.ncbi.nlm.nih.gov/pubmed/23295202
https://doi.org/10.1681/ASN.2013121332
http://www.ncbi.nlm.nih.gov/pubmed/25398788
https://doi.org/10.1152/ajprenal.00140.2016
http://www.ncbi.nlm.nih.gov/pubmed/27385736
https://doi.org/10.1136/hrt.38.8.860
http://www.ncbi.nlm.nih.gov/pubmed/1067858
https://doi.org/10.5137/1019-5149.JTN.7705-12.1
https://doi.org/10.5137/1019-5149.JTN.7705-12.1
http://www.ncbi.nlm.nih.gov/pubmed/26956828
https://doi.org/10.1371/journal.pone.0223512

