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Abstract
Fibroblasts derived from the lungs of patients with idiopathic pulmonary fibrosis (IPF) and systemic sclerosis (SSc)
produce low levels of prostaglandin (PG) E2 , due to a limited capacity to up-regulate cyclooxygenase-2 (COX-2). This
deficiency contributes functionally to the fibroproliferative state, however the mechanisms responsible are
incompletely understood. In the present study, we examined whether the reduced level of COX-2 mRNA expression
observed in fibrotic lung fibroblasts is regulated epigenetically. The DNA methylation inhibitor, 5-aza-2 -deoxycytidine
(5AZA) restored COX-2 mRNA expression by fibrotic lung fibroblasts dose dependently. Functionally, this resulted in
normalization of fibroblast phenotype in terms of PGE2 production, collagen mRNA expression and sensitivity to
apoptosis. COX-2 methylation assessed by bisulfite sequencing and methylation microarrays was not different in
fibrotic fibroblasts compared with controls. However, further analysis of the methylation array data identified a
transcriptional regulator, chromosome 8 open reading frame 4 (thyroid cancer protein 1, TC-1) (c8orf4), which is
hypermethylated and down-regulated in fibrotic fibroblasts compared with controls. siRNA knockdown of
c8orf4 in control fibroblasts down-regulated COX-2 and PGE2 production generating a phenotype similar to that
observed in fibrotic lung fibroblasts. Chromatin immunoprecipitation demonstrated that c8orf4 regulates COX-2
expression in lung fibroblasts through binding of the proximal promoter. We conclude that the decreased capacity of
fibrotic lung fibroblasts to up-regulate COX-2 expression and COX-2-derived PGE2 synthesis is due to an indirect
epigenetic mechanism involving hypermethylation of the transcriptional regulator, c8orf4.
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INTRODUCTION
Pulmonary fibrosis is a progressive disease that has a poor prognosis and for which there is currently no adequate therapy. It can
occur in isolation, as in idiopathic pulmonary fibrosis (IPF) or
in association with multi-organ connective tissue diseases, such
as systemic sclerosis (SSc) [1,2]. In the most common and aggressive form, IPF, mean survival time from diagnosis is only
2–3 years [3].
The pathogenesis of pulmonary fibrosis is incompletely understood, although it is considered to develop through aberrant
injury repair mechanisms with the fibroblast/myofibroblast a key

effector cell [4,5]. We have previously reported that fibroblasts derived from the lungs of patients with IPF and SSc exhibit reduced
capacity to up-regulate cyclooxygenase-2 (COX-2, PTGS2) and
its downstream anti-fibrotic product prostaglandin (PG) E2 , compared with control lung fibroblasts, and that this imparts a functionally profibrotic phenotype to the cells [6]. In addition, the
inability to up-regulate COX-2 and PGE2 has been demonstrated
to contribute to reduced HGF production by IPF fibroblasts [7].
The fundamental importance of COX-2 and PGE2 as anti-fibrotic
mediators is supported by animal studies, demonstrating that genetic COX-2 deficiency or COX inhibition enhances fibrotic responses in the lung [8–10]. Similarly, enhanced fibrotic responses
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qPCR
RNA was isolated using TRI-Reagent (Sigma–Aldrich) and
DNase treated with DNA-free (Ambion). cDNA was synthesized using qScript (Quanta Biosciences). qPCR was performed
using MESA GREEN qPCR MasterMix Plus for SYBR® Assay
(Eurogentec) on an Eppendorf Realplex4 Mastercycler. Cycling
conditions were as follows: 95 ◦ C for 5 min; and 40 cycles of
95 ◦ C (10 s) and 62 ◦ C (45 s). Data were normalized to either 18S
or a combination of HPRT, YWHAZ and EIF4A2 (as determined
by geNorm). Primers detailed in Supplementary Table S1.

PGE2 quantification
PGE2 was measured using a Biotrak Enzyme-immunoassay (GE
Healthcare) according to the manufacturer’s instructions.

MATERIALS AND METHODS

Induction and detection of apoptosis

Cell culture

Fas ligand (FasL)-induced apoptosis was measured in fibroblasts
treated with or without 5AZA, as previously described [25].

Fibrotic lung tissue was obtained from either transplant surgery
or lung biopsies and control tissue from histologically normal
areas of peripheral lung removed at lung cancer resection, as
previously described [25]. Primary fibroblast cultures were established as previously described [6] and used before passage 8.
Patient details: Control, n = 7, aged 56 +
− 6 years, 2 male; IPF,
n = 10, aged 64 +
3
years,
5
male;
SSc,
n
= 8, aged 52 +
−
− 1 years,
1 male). All tissue was obtained with appropriate consent and its
use approved by the relevant research ethics committee.
Cells were routinely plated in 6-well plates in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10 % (v/v)
FCS, 100 unit/ml penicillin and 100 mg/ml streptomycin (Invitrogen) and cultured at 37 ◦ C in a humidified atmosphere of air
containing 10 % CO2 . Once confluent, the medium was removed
and replaced with 0.4 % FCS containing medium without antibi-
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otics, and incubated for 24 h. Medium containing transforming
growth factor-β 1 (TGF-β 1 ) (1 ng/ml final concentration) was added and incubated for up to 24 h before harvesting. For mRNA
processing studies, following 3 h incubation with TGF-β 1 , actinomycin D, a transcription inhibitor, was added at a final concentration of 3 μg/ml to the existing medium, and cells harvested
0–75 min later for RNA extraction.
For the epigenetic studies, cells were seeded in 6-well plates
at less than 30 % confluence 24 h before treatment. 5-Aza-2 deoxycytidine (5AZA), a DNMT inhibitor (Sigma–Aldrich), was
added at the indicated concentrations to the culture medium and
replaced at 24 h intervals for 3 days. Cells were then placed in
0.4 % FCS medium containing 5AZA at the same concentration
with or without trichostatin A (TSA), an inhibitor of histone
deacetylases, at a concentration of 300 nM (Sigma–Aldrich) for
a further 24 h as described previously [21]. Cells were then harvested for total RNA or DNA extraction.
For microarray analysis and bisulfite sequencing experiments,
500,000 cells were seeded in a T175 flasks, 24 h before treatment
with or without a daily dose of 1 μM 5AZA until cells were confluent (1 week, to ensure a minimum of 3 population doublings).
DNA was extracted (Nucleon, SL8501) and bisulfite converted
as described below.

DNA methylation analysis
DNA extracted from fibroblasts treated with or without 5AZA
TM
was bisulfite converted using EZ DNA Methylation-Gold
(Zymo Research). Bisulfite converted DNA was analysed using Illumina Infinium Human Methylation 450 array, bisulfite
sequencing or pyrosequencing.

Bisulfite sequencing
The DNA samples were bisulfite converted using an EZ DNA
TM
Methylation-Gold Kit (Zymo Research). PCR was performed
on a tetrad PTC-225, Peltier Thermal cycler. PCR cycling conditions were: 94 ◦ C for 5 min, followed by 10 cycles of 94 ◦ C
for 20 s, touchdown from 60 ◦ C to 50 ◦ C (−1◦ /cycle) for 20 s
and 72 ◦ C for 30 s, followed by a further 35 cycles at 50 ◦ C
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in Granulocyte-macrophage colony stimulating factor (GM-CSF)
deficient mice are associated with diminished PGE2 production
[10,11]. Conversely, protection from fibrosis in animals deficient
in CCR2, 5-lipoxygenase or transgenic overexpression of TNFα
is at least partly attributable to up-regulation of PGE2 [12–15].
Together, these data demonstrate the critical importance of COX2 and PGE2 in preventing the development of pulmonary fibrosis
in animal models and human disease. However, the mechanisms
responsible for limited COX-2 expression in fibroblasts in the
lungs of patients with pulmonary fibrosis are incompletely understood.
Accumulating evidence suggests that altered epigenetic marks
such as DNA hypermethylation and histone hypoacetylation contribute to the silencing of anti-fibrotic genes in IPF lung and SSc
skin fibroblasts [16,17], the development of renal and radiationinduced skin fibrosis [18,19] and fibroblast to myofibroblast differentiation [20]. Furthermore, COX-2 promoter methylation and
histone deacetylation have been implicated in COX-2 gene silencing in cancer [21]. Recent studies examining DNA methylation
in whole human lung tissue and cultured lung fibroblasts have
shown multiple differentially methylated genes in IPF [22–24].
However, there is little information on the role of altered DNA
methylation in the regulation of COX-2 in IPF and SSc lung
fibroblasts.
We hypothesized that DNA hypermethylation may contribute
directly or indirectly to silencing of COX-2 expression in fibrotic
lung fibroblasts. We show that treatment with a DNA methyltransferase (DNMT) inhibitor increased COX-2 expression of fibrotic
lung fibroblasts towards control levels, restored responsiveness
to COX-2/PGE2 inducing agents and normalized fibroblast function. Although COX-2 was found not to be directly methylated,
we identified a COX-2 binding transcriptional regulator, chromosome 8 open reading frame 4 (thyroid cancer protein 1, TC-1)
(c8orf4), that is hypermethylated and down-regulated in fibrotic
lung fibroblasts; knockdown of which in control fibroblasts induced a cell phenotype similar to that associated with fibrotic
lung fibroblasts.

c8orf4 methylation in pulmonary fibrosis

annealing temperature. PCR products were resolved on a 1 %
agarose gel and PCR products purified using a QIAquick gel extraction kit (Qiagen, Germany) prior to DNA sequencing (WIBR,
UCL). The relative methylation at each CpG site was determined
by area under the curve analysis using ImageJ software, as previously described [26]. Primer details are provided in Supplementary Table S1.

Pyrosequencing

Immunohistochemistry
Immunohistochemical staining was performed on formalinfixed, paraffin-embedded sections of human lung tissue using
the avidin–biotin antibody complexing method, as previously
described [28]. c8orf4 and rabbit IgG antibodies used were
ab121923 and ab27478 (Abcam).

siRNA knockdown
Cells were seeded and transfected using INTERFERin (Polyplus
Transfection), following the manufacturer’s instructions. c8orf4
siRNA or negative control siRNA (#4392420 and #4390846, Ambion) were used at 10 nM. RNA and protein were isolated for
qPCR and Western blot analysis.

Western blotting
Twenty micrograms of protein was resolved on a 12.5 % polyacrylamide gel, transferred on to a PVDF membrane and immunoblotted for COX-2 and β-actin. Antibodies used: ab52237,
Abcam; A5441, Sigma–Aldrich; P0448 and P0260, Dako,
Glostrup.

ChIP
ChIP was performed as previously described [29]. Briefly, cells
were fixed in 1 % formaldehyde for 15 min at room temperature and then quenched with 0.125 M glycine for 5 min. To
generate DNA fragments of 0.2–1 kb, 1 × 106 cells were sonTM
icated by Bioruptor (Diagenode) on maximum power for
8 min with an on–off interval of 30 s. Samples were pre-cleared
with Protein A agarose/Salmon Sperm DNA 50 % Slurry (16–

Statistical analysis
Statistical analysis was performed using Graphpad Prism (GraphPad Software). Data were evaluated using either one-way ANOVA
with Tukey’s post hoc pair wise comparisons or two-way ANOVA
with a Bonferroni post-test. For microarray data, an adjusted P
value of <0.05 and a β value 0.136 was considered significant
[30].

RESULTS
IPF- and SSc-derived fibroblasts exhibit a limited
capacity for COX-2 mRNA transcription
Consistent with previous results [6,31], fibroblasts from IPF and
SSc groups produced three- to five-fold lower basal levels of mature COX-2 mRNA compared with controls (Figure 1A). Similar
differences between groups were observed in TGF-β 1 -induced
levels of COX-2 mRNA (Figure 1B). COX-2 mRNA levels in the
control group increased approximately six-fold in response to
3 h stimulation with TGF-β 1 (P < 0.001). COX-2 mRNA levels
also increased in response to TGF-β 1 in both the fibrotic groups;
however, induced levels were still approximately three-fold lower
than in controls (P < 0.001). Additional studies comparing levels
of the mature and nascent COX-2 transcript revealed an almost
identical time-dependent response to TGF-β 1 , with significantly
lower levels of both nascent and processed transcripts seen in
the fibrotic fibroblasts compared with control (Supplementary
Figures S1A and S1B). Further, no differences were observed at
the level of mRNA stability, when actinomycin D chase experiments were performed (Supplementary Figure S1C), thus suggesting that the differences in mRNA expression between control
and fibrotic lung fibroblasts result from deficiencies in COX-2
transcription.
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Cells were seeded in T75 culture flasks and treated as described
above with 10 μM 5AZA. DNA was extracted and bisulfite converted, as described above. Pyrosequencing assays were designed
using the PyroQ assay design software. A common tag was placed
on either the forward or reverse primer (depending on the strand
to be sequenced) and a common universal biotinylated primer
was used for all reactions as previously described [27]. PCR was
performed using a nested PCR for specific amplification and cycling conditions included denaturation at 95 ◦ C for 4 min, followed
by 10 cycles of 94 ◦ C for 15 s, touchdown from 60 ◦ C to 50 ◦ C
(−1◦ /cycle) for 15 s and 72 ◦ C for 20 s, followed by a further
30 cycles at 50 ◦ C annealing temperature. The second PCR used
2 μl of a 1:10 dilution of the first PCR as template and the same
cycling conditions. All products were confirmed to be single
bands by agarose gel electrophoresis. Methylation values were
calculated as an average of all 10 CpG sites within each assay
as determined by the Pyro Q-CpG Software (Biotage). Primers
detailed in Supplementary Table S2.

157, Millipore), before being immunoprecipitated with 3.5 μg
of c8orf4 antibody (ab133885, Abcam) overnight at 4 ◦ C. For
negative/isotype control rabbit IgG was used (ab27478, Abcam). Agarose/antibody/histone complexes were collected and
washed before elution of protein/DNA complexes. Cross-linking
of products was reversed by heating overnight at 65 ◦ C and then
treated with proteinase K at 45 ◦ C for 1 h. DNA was recovered
by QIAquick purification kit (Qiagen). DNA was amplified by
PCR using a panel of COX-2 promoter primer sets (Supplementary Table S1). PCR cycling conditions were: 94 ◦ C for 5 min;
followed by 40 cycles of 94 ◦ C (1 min), 58 ◦ C (1 min) and 72 ◦ C
(1 min); and 72 ◦ C for 5 min. PCR products were visualized on a
1.5 % agarose gel.

DNA demethylation but not histone acetylation
restores fibrotic lung fibroblast COX-2 expression
To examine whether COX-2 transcription is regulated epigenetically, cells were treated with the DNMT inhibitor, 5AZA or
HDAC inhibitor, TSA. Treatment of representative control and
fibrotic cell lines with 5AZA (0–10 μM), demonstrated a distinct
difference in response. Demethylation did not affect COX-2 expression in control fibroblasts (Figure 2A). In contrast, treatment
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DNA demethylation restores fibrotic lung fibroblast
function

Figure 1 Basal and TGF-β-induced levels of COX-2 mRNA in control
and fibrotic lung fibroblasts
Fibroblasts were grown to confluence, serum deprived for 24 h, and then
incubated for 3 h in medium alone (A) or in TGF-β 1 at a concentration of
1 ng/ml (B), before RNA was extracted for quantitative real-time PCR.
Data are enumerated as mRNA levels relative to mean basal levels
in control cell lines. Each bar represents the mean +
− S.E.M. for four
control, seven IPF and four SSc donor cell isolates. (***P < 0.001
compared with control, one-way ANOVA with Tukey’s post-test).

with 5AZA resulted in a dose-dependent increase in COX-2 expression in fibrotic lung fibroblasts, with levels higher at both 1
and 10 μM 5AZA compared with untreated cells (P < 0.01, in
both cases), and were similar to control. These data were confirmed by treatment of selected IPF and SSc fibroblasts with an
alternative DNMT inhibitor, Zebularine, which also increased
COX-2 mRNA approximately six-fold (Supplementary Figure
S2). Cells treated with 5AZA and TGF-β 1 showed a similar pattern of response (Figure 2B). Relative levels of TGF-β 1 -induced
COX-2 mRNA were three-fold lower in fibrotic lung fibroblasts
compared with the control cell line, in the absence of 5AZA.
Fibrotic fibroblast COX-2 mRNA levels increased in a dosedependent manner in response to 5AZA (P < 0.05) with expression increased greater than two-fold at 10 μM (P < 0.01). At the
10 μM dose of 5AZA, levels of COX-2 mRNA in the fibrotic cell
line were similar to that seen in control fibroblasts. Similar dose-

578

To investigate whether the up-regulation of COX-2 mRNA seen in
fibrotic lung fibroblasts following treatment of cells with 5AZA
had functional downstream consequences, we measured the level
of PGE2 , in cell supernatants (Figure 3A). Similar to the effects of
5AZA on COX-2 mRNA, two-way ANOVA demonstrated a statistically significant difference in PGE2 production between control and fibrotic lung fibroblasts (P < 0.05) and a dose-dependent
response to demethylation was also observed in fibrotic fibroblast
PGE2 production (P < 0.005). Group data shows that basal levels
of PGE2 produced by control cells are significantly higher than
levels produced by both the fibrotic groups (P < 0.01, compared
with IPF and P < 0.05, compared with SSc) (Figure 3B). Treatment of cells with 5AZA resulted in approximately three- and
two-fold increases in PGE2 production in IPF- and SSc-derived
fibroblasts respectively (P < 0.001 and P < 0.02 respectively).
PGE2 production by control cell lines was not altered by treatment with 5AZA. Mean levels of PGE2 produced by both the
fibrotic groups following treatment with 5AZA were not significantly different from those produced by controls.
Quantitative real-time PCR was used to analyse levels of collagen mRNA production in both control and fibrotic lung fibroblasts. Basal levels of collagen 1A mRNA in IPF fibroblasts were
two-fold higher compared with control (Figure 3C). Treatment
with 5AZA did not affect collagen 1A expression in control cells;
whereas a dose-dependent and significant decrease in collagen
1A mRNA levels was observed in IPF fibroblasts (P < 0.01). At
the higher doses of 5AZA, there was no significant difference
between the collagen 1A expression measured in control and
fibrotic cells.
In agreement with our previous data [25], we demonstrate that
fibrotic lung fibroblasts are resistant to FasL-induced apoptosis
when compared with control (Figure 3D). Growth of fibrotic cells
with 5AZA led to a greater than three-fold increase in the sensitivity of these cells to FasL-induced apoptosis, compared with

c 2016 The Author(s) This is an open access article published by Portland Press Limited and distributed under the Creative Commons Attribution License 3.0


Downloaded from http://portlandpress.com/clinsci/article-pdf/130/8/575/447293/cs1300575.pdf by guest on 17 May 2021

dependent responses were seen in other IPF- and SSc-derived
cell lines (results not shown). Group data for control, IPF- and
SSc-derived lung fibroblasts treated with 10 μM 5AZA is shown
in Figure 2C. DNA demethylation increased COX-2 expression
in control cell lines by two-fold (P < 0.05). In contrast, both IPF
and SSc fibroblast lines showed significantly greater increases
(four-fold) in COX-2 expression in response to 5AZA compared
with controls. Similar results were observed following stimulation with TGF-β 1 although the differences between control and
fibrotic groups were less marked (Figure 2D).
Previous studies have suggested that histone hypoacetylation
contributes to the dysregulation of COX-2 expression in IPF
lung fibroblasts [32]. Using TSA, we observed a trend towards
increased COX-2 mRNA expression compared with untreated
cells, in control and fibrotic fibroblasts, but this was not significant (Supplementary Figure S3A). Similar results were observed
following TGF-β 1 treatment, with no significant difference observed between the fibrotic and control groups (Supplementary
Figure S3B).

c8orf4 methylation in pulmonary fibrosis

DNMT inhibition preferentially increases COX-2 mRNA levels in fibrotic lung fibroblasts
Proliferating cultures of control and fibrotic lung fibroblast lines were incubated with indicated concentrations of 5AZA for
96 h. Fibroblasts were then treated with medium alone (A) or with TGF-β 1 (1 ng/ml) for 3 h (B) before being harvested
for COX-2 quantitative real-time PCR. Data are enumerated as the fold increase, relative to mean mRNA levels basally
in control cells. Each bar represents the mean of duplicate samples +
− S.E.M. for one representative control and fibrotic
cell line (**P < 0.01 compared with 0 μM 5AZA, two-way ANOVA with Bonferroni post-test). Proliferating cultures were
incubated with 10 μM of 5AZA for 96 h and then treated with medium alone (C) or with TGF-β 1 (1 ng/ml) for 3 h (D) before
being harvested for COX-2 quantitative real-time PCR. Data are enumerated as the fold increase, relative to mean levels
in non-5AZA treated cells. Each bar represents mean +
− S.E.M. for four control, seven IPF and four SSc donor cell isolates
(*P < 0.05, **P < 0.01, compared with control group, one-way ANOVA with Tukey’s post-test).

non-AZA treated cells (P < 0.001), resulting in levels comparable
to that seen in control cells.

The COX-2 promoter is not differentially methylated
in fibrotic lung fibroblasts
In order to examine whether the effects observed in fibrotic
lung fibroblasts in response to 5AZA treatment, are a consequence of a direct effect on COX-2, we used pyrosequencing to investigate the methylation status of CpG sites within
the COX-2 promoter. Twenty-seven CpG sites were analysed
in three different regions (Supplementary Figure S4A), two of
which were previously identified as being methylation sensitive and having a functional role in regulating COX-2 expression [33,34]. However, our data demonstrate that none of the
CpG sites/regions were hypermethylated in control or fibrotic
lung fibroblasts (Supplementary Figure S4B). Levels of methylation in both 5AZA and TGF-β 1 treated cells were also analysed

and demonstrated no significant differences (results not shown).
These results were further confirmed by methylation microarray
analysis (Supplementary Figure S4C). Seventeen CpG sites were
analysed (five of which were previously assessed by pyrosequencing) and no differential methylation was observed at any
position.

Downloaded from http://portlandpress.com/clinsci/article-pdf/130/8/575/447293/cs1300575.pdf by guest on 17 May 2021

Figure 2

Identification of c8orf4 as a novel COX-2 regulator
in pulmonary fibrosis
The Illumina Infinium Human Methylation 450 array was used
to identify genes with altered methylation in IPF and SSc fibrotic
lung fibroblasts compared with control, and to identify genes
that may epigenetically regulate COX-2. The array contains
three probes corresponding to the promoter region of c8orf4
(Figure 4A). All three CpG sites were hypermethylated in all
IPF (n = 5) and SSc (n = 7) fibroblasts compared with control (n = 6); with on average a 24–40 % higher methylation
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DNMT inhibition restores fibrotic lung fibroblast PGE2 , collagen production and sensitivity to FasL-induced
apoptosis
Proliferating cultures of single representative control and fibrotic lung fibroblast isolates were treated with 0, 0.1, 1 or
10 μM 5AZA for 96 h. Cells were serum deprived for 24 h before cell supernatants were harvested for PGE2 enzyme
immunoassay. (A) Each bar represents the mean of duplicate samples +
− S.E.M. (where no error bar is shown, only one
sample was available for analysis). Cells from each group (control; n = 4, IPF; n = 7, SSc; n = 4) were grown with
10 μM 5AZA before cell supernatants were collected for measuring PGE2 production (B). Each bar represents the mean
+ S.E.M. (*P < 0.05, **P < 0.01, compared with control group, two-way ANOVA with Bonferroni post-test). Representative
−
control and fibrotic lung fibroblasts were incubated with 5AZA before being harvested for collagen 1A qPCR (C). Data are
enumerated as the fold increase, relative to mean mRNA levels basally in control cells. Each bar represents the mean
+ S.E.M. for three independent experiments (**P < 0.01 compared with 0 μM 5AZA, two-way ANOVA with Bonferroni
−
post-test. # P < 0.01 compared with basal levels in control). Representative control and fibrotic lung fibroblasts were
grown in the presence of either 10 μM 5AZA or vehicle alone, in medium containing 10 % FBS for 72 h (D). Fibroblasts
were then serum starved overnight with or without 5AZA prior to being exposed to FasL (50 ng/ml) for 24 h. Apoptosis was
determined by Annexin V/PI staining with FACS analysis. Bars represent the mean +
− S.E.M. for six experimental replicates
(***P < 0.001 compared with non-5AZA treated, two-way ANOVA with Bonferroni post-test).

level in fibrotics compared with control, across all three sites
(Figure 4B). Methylation at two of these CpG sites (CpG 2 and
3) was confirmed by bisulfite sequencing (Figure 4C). A further
three CpG sites (CpG iv, v and vi) situated between CpG 2 and
CpG3 were also analysed by bisulfite sequencing (grey circles,
Figure 4A). Methylation levels at all five sites sequenced, were
on average 40–70 % higher in both SSc and IPF compared with
control (Figure 4C).
Treatment of fibrotic lung fibroblasts with 1 μM 5AZA resulted in a significant decrease in methylation levels at all five CpG
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sites analysed within the c8orf4 promoter (Figure 4D). Bisulfite
sequencing data from representative control and fibrotic cell lines
shows no significant change in methylation in control fibroblasts
after treatment with 5AZA, at any of the CpG sites. However, in
fibrotic fibroblasts, methylation decreased by up to 65 %. Group
data shows a significantly greater decrease in mean DNA methylation over all CpG sites in the fibrotics compared with controls
(Figure 4E). The mean DNA methylation in the controls was not
significantly different from that in non-5AZA treated cells. However, on average, an 18 % decrease in mean DNA methylation

c 2016 The Author(s) This is an open access article published by Portland Press Limited and distributed under the Creative Commons Attribution License 3.0


Downloaded from http://portlandpress.com/clinsci/article-pdf/130/8/575/447293/cs1300575.pdf by guest on 17 May 2021

Figure 3

c8orf4 methylation in pulmonary fibrosis

Increased methylation and decreased expression of c8orf4 in fibrotic lung fibroblasts
A schematic representation of the upstream 5 region of c8orf4 (A). Circles indicate the location of CpG sites. Black
circles represent the three CpG sites on the Illumina array, grey circles represent three additional sites tested by bisulfite
sequencing and white circles represent untested CpG sites within the region. Genomic DNA extracted from primary
fibroblasts was assessed and mean percentage methylation at each CpG site within each group is shown (B). Genomic
DNA extracted from control, IPF and SSc cell lines were bisulfite treated and subjected to bisufite sequencing (C). Five
CpG sites within the c8orf4 promoter were analysed. Mean percentage methylation at each CpG site within each of the
groups is shown (C). For (B, C, E and F) data are derived from six control, five IPF and seven SSc donor fibroblast isolates.
***P < 0.001, **P < 0.01 and *P < 0.05, compared with levels in control cells, one-way ANOVA with Tukey’s post-test.
DNA extracted from representative control and fibrotic fibroblasts treated with or without 1 μM 5AZA for 1 week was
subjected to bisufite sequencing, as above (D). Each point represents the % methylation at the five individual CpG sites
analysed in panel C (***P < 0.001 compared with non-5Aza treated, two-way ANOVA with Bonferroni post-test). Control,
IPF and SSc lung fibroblast lines were treated with 1 μM 5AZA as above, and DNA subjected to bisulfite sequencing (E).
Data are enumerated as mean % DNA methylation across all five CpG sites within each group (*P < 0.05, compared with
levels in control cells). RNA extracted from control and fibrotic cell lines was subjected to qPCR for c8orf4 mRNA (F).
Data are enumerated as mRNA levels relative to mean basal levels in control cells (+
−S.E.M., **P < 0.01 and *P < 0.05,
one-way ANOVA with Tukey’s post-test). Representative photomicrographs of control (n = 3), IPF (n = 6) and SSc (n = 1)
lung showing immunohistochemical localization of c8orf4 stained brown/black (G). Arrows indicate nuclear c8orf4 staining
in control lung fibroblast-like cells but staining was weak or undetectable in fibrotic lung fibroblasts (scale bar represents
50 μm).

c 2016 The Author(s) This is an open access article published by Portland Press Limited and distributed under the Creative Commons Attribution License 3.0


Downloaded from http://portlandpress.com/clinsci/article-pdf/130/8/575/447293/cs1300575.pdf by guest on 17 May 2021

Figure 4
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c8orf4 associates with the COX-2 promoter and knockdown in control fibroblasts down-regulates expression
of COX-2 and PGE2 production
Control fibroblasts were transfected with either a non-targeting negative control or c8orf4 siRNA (10 nM) and RNA was
extracted for qPCR (A and B). Levels of c8orf4 (A) and COX-2 (B) mRNA are represented as a percentage relative to
non-transfected cells (Nil). Each bar represents mean +
− S.E.M. for three independent experiments. (*P < 0.05 compared
with Nil, one-way ANOVA with Tukey’s post-test). Protein samples were collected from cells transfected as above, and
samples Western blotted for COX-2 (C). Relative COX-2 levels are expressed as a ratio of COX-2/β-actin and represented
relative to levels in non-transfected cells. Cells were transfected as above, and cell supernatants were harvested for PGE2
enzyme immunoassay (D). Each bar represents the mean of triplicate wells +
− S.E.M. and is representative of three individual experiments (*P < 0.05 compared with non-transfected control, one-way ANOVA with Tukey’s post-test). Chromatin
extracted from representative primary control fibroblasts was immunoprecipitated with a c8orf4 antibody followed by PCR
with a panel of COX-2 promoter primer sets (E). ChIP PCR products, corresponding to region −579 to −1271, were visualized by agarose gel electrophoresis (IgG corresponds to isotype control; input is sonicated but non-immunoprecipitated
sample and ntc is no template control for the PCR).

was observed, compared with non-5AZA treated fibrotic lung
fibroblasts.
Quantitative real-time PCR was used to assess whether differences in methylation levels had any effect on the expression of c8orf4. Our results demonstrated that both IPF and SSc
fibroblasts on average had 2.5- and 5.5-fold lower levels, respectively, of c8orf4 mRNA compared with control fibroblasts
(Figure 4F). In keeping with this finding, immunohistochemical
staining for c8orf4 on paraffin-embedded sections of human lung
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tissue, shows intense nuclear staining in the control fibroblasts
(Figure 4G), whereas staining for c8orf4 in fibroblasts of fibrotic
lung was undetectable.
To examine whether c8orf4 regulates COX-2 transcription,
control fibroblasts were transfected with c8orf4 siRNA. A 40 %
knockdown of c8orf4 mRNA was achieved with the c8orf4
siRNA, compared with non-transfected cells (Figure 5A). Transfection with a non-targeting negative control siRNA, had no significant effect on levels of c8orf4 mRNA (ANOVA). Knockdown
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Figure 5

c8orf4 methylation in pulmonary fibrosis

DISCUSSION
We and others have previously demonstrated that pulmonary
fibroblasts derived from the lungs of patients with IPF and SSc
express significantly lower steady-state levels of COX-2 RNA,
compared with controls, basally and in response to TGF-β 1
[6,31,32]. In the present study, we confirm this using quantitative real-time PCR for mature COX-2 mRNA transcripts and
additionally demonstrate, by measuring the production of nascent
COX-2 transcripts and use of actinomycin D, that the deficiency
in COX-2 expression in fibrotic lung fibroblasts is at the level of
transcription and is not due to altered RNA processing or stability.
Epigenetic regulation and in particular DNA methylation is
known to play a critical role in the transcriptional silencing of
genes [35]. Its role in tumorigenesis is well recognized, and there
is increasing recognition of a role in other disease settings, including pulmonary fibrosis. It has been demonstrated that hypermethylation corresponds to the reduced expression of numerous
genes in IPF and SSc fibroblasts [16,17,36–38]. These include
the PTGER2 gene, which encodes the E prostanoid 2 receptor
(EP2), which is known to be a major receptor responsible for
anti-fibrotic effects of PGE2 [37,39]. We demonstrate that the
treatment of IPF and SSc fibroblasts, but not control fibroblasts,
with 5AZA resulted in a concentration-dependent increase in
COX-2 expression, PGE2 production, decreased collagen expression, as well as restoring sensitivity to apoptosis in fibrotic lung
fibroblasts. Together, these data indicate that DNA hypermethylation of COX-2/PGE2 pathway components may play a crucial
role in the dysregulated synthesis of this critical anti-fibrotic mediator, and contribute to pathogenesis of pulmonary fibrosis.
Hypermethylation of the COX-2 promoter has previously been
shown to be responsible for gene silencing in cancer [21,33,34].
However, we found no evidence of CpG hypermethylation in the
COX-2 promoter or other gene regions tested, suggesting a different mechanism for COX-2 silencing in lung fibrosis to that
observed in cancer [33,34]. Consequently, this suggested an in-

direct epigenetic mechanism for down-regulation of COX-2 expression in fibrotic lung fibroblasts. One potential explanation
could be that a transcription factor or co-stimulatory molecule is
hypermethylated, preventing COX-2 transcription. Through microarray based screening of gene methylation, we discovered a
COX-2 regulatory factor, c8orf4, which is hypermethylated and
has reduced expression in both IPF and SSc lung fibroblasts.
This is consistent with previous data showing hypermethylation
of c8orf4 resulting in its reduced expression in cancer [40]. In addition, we demonstrate binding of c8orf4 to the proximal COX-2
promoter and that siRNA knockdown of c8orf4 in control fibroblasts reduced COX-2 expression and PGE2 synthesis analogous
with the phenotype of fibrotic lung fibroblasts.
C8orf4 encodes a small, highly conserved, nuclear localized
protein. Its structural characterization indicates that it performs
pivotal functions in the area of cell cycle control as well as transcriptional and translational regulation [41,42]. c8orf4 has previously been linked to COX-2, where over-expression of c8orf4
in human aortic endothelial cells resulted in up-regulation of
COX-2 [43]. C8orf4, mainly studied in the context of cancer,
has more recently been linked to local inflammation and immune responses [43–45]. In non-fibroblast cell types, it has been
demonstrated that c8orf4 can be up-regulated by TGFβ, IL-1β,
TNFα and LPS. These cytokines are known profibrotic mediators
that are also known to up-regulate PGE2 /COX-2 in control lung
fibroblasts. Further, fibroblasts cultured from patients with IPF
fail to induce PGE2 synthesis on stimulation with these mediators due to aberrant COX-2 expression [6,31,32,46]. Together
these data strongly suggest that hypermethylation and silencing
of c8orf4 inhibits the expression of COX-2 and PGE2 , basally
and in response to profibrotic mediators, making an important
contribution to the pathogenesis of pulmonary fibrosis.
It is becoming apparent that multiple epigenetic mechanisms
are involved in the pathogenesis of fibrotic lung diseases. In addition to DNA methylation, defects in epigenetic mechanisms including histone modification, DNMT expression and miRNA expression have been implicated in the pathogenesis of pulmonary
fibrosis. Contrary to previously published data [32], we observed
a trend towards increased levels of COX-2 expression following HDAC inhibition in control and fibrotic lung fibroblasts but
no clear differential between control or fibrotic lung fibroblasts,
basally or in combination with TGF-β 1 . Coward et al. [32] report that combined HDAC inhibition and cytokine stimulation,
resulted in increased COX-2 expression in IPF lung fibroblasts.
However, only 2 out of the 11 fibrotic cell lines we tested demonstrated an increased level of COX-2 expression in response to
HDAC inhibition and TGF-β 1 stimulation. It would therefore appear that acetylation of histones may play a role in the regulation
of COX-2 but it is unclear whether there are differences between
control and fibrotic lung fibroblasts. Coward et al. also demonstrated that total HDAC activity was reduced in IPF fibroblasts,
indicating that altered histone acetylation may play a wider role
in increasing the activity of other genes involved in IPF. More
recently, the same group have demonstrated that alterations in
histone methylation also play a role in regulating COX-2 expression [47]. A recent publication by Dakhlallah et al. [48] has added
another level of epigenetic regulation in IPF. They demonstrate
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of c8orf4 additionally resulted in a 50 % knockdown of COX2 mRNA, compared with non-treated cells with no significant
effects on COX-2 mRNA levels using a non-targeting control
siRNA (Figure 5B). Furthermore, Western blotting siRNA transfected cell lysates using a COX-2 antibody, demonstrated an almost complete (95 %) knockdown of the COX-2 protein in cells
transfected with c8orf4 siRNA (Figure 5C). Analogous to the effect seen on COX-2, transfection of cells with c8orf4 siRNA further resulted in a 35 % decrease in PGE2 production, compared
with non-treated cells (Figure 5D), whereas transfection with
non-targeting control siRNA had no effect. In order to determine whether c8orf4 is able to transcriptionally regulate COX-2,
we used chromatin immunoprecipitation to assess whether it was
able to bind to the COX-2 promoter. A panel of COX-2 promoter
primer sets spanning region +54 to −3654 was used to amplify
COX-2 DNA bound by the c8orf4 antibody (results not shown).
ChIP revealed the binding of endogenous c8orf4 to the COX-2
promoter, at region −579 to −1271 (Figure 5E).
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that DNMT1 expression is regulated by several miRNAs. The
emerging data from this and other studies suggests that altered
epigenetic regulation is a complex but widespread and important
phenomenon in pulmonary fibrosis.
In summary, we have identified a COX-2 regulatory factor,
c8orf4, which is hypermethylated and down-regulated in fibrotic
lung fibroblasts and tissue compared with controls. These findings add to the growing body of evidence which suggests that
aberrant DNA methylation is an important pathogenic feature
of pulmonary fibrosis. The reversibility of the epigenetic suppression on COX-2 expression following DNMT inhibition, and
normalization of fibroblast function, implies that it may be possible to reprogramme the phenotype of fibrotic fibroblasts, and as
a result potentially improve the clinical outcome of patients with
pulmonary fibrosis. DNA demethylation agents are already licensed for clinical use. Our studies, together with others strongly
support the evaluation of epigenetically targeted therapies, possibly in combination with COX-2/PGE2 therapies for progressive
fibrotic lung disease. The evaluation of such novel therapeutic approaches is necessary for what is currently a progressive disease
with limited treatment options and a dismal prognosis.

c8orf4 methylation in pulmonary fibrosis

13

14

15

16

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

Reinhardt, A.K., Bottoms, S.E., Laurent, G.J. and McAnulty, R.J.
(2005) Quantification of collagen and proteoglycan deposition in
a murine model of airway remodelling. Respir. Res. 2005, 6
PubMed
Cheung, N., Chan, L.C., Thompson, A., Cleary, M.L. and So, C.W.
(2007) Protein arginine-methyltransferase-dependent
oncogenesis. Nat. Cell Biol. 9, 1208–1215 CrossRef PubMed
Bibikova, M., Le, J., Barnes, B., Saedinia-Melnyk, S., Zhou, L.X.,
Shen, R. and Gunderson, K.L. (2009) Genome-wide DNA
methylation profiling using infinium® assay. Epigenomics. 1,
177–200 CrossRef PubMed
Wilborn, J., Crofford, L.J., Burdick, M.D., Kunkel, S.L., Strieter,
R.M. and Peters-Golden, M. (1995) Cultured lung fibroblasts
isolated from patients with idiopathic pulmonary fibrosis have a
diminished capacity to synthesize prostaglandin e2 and to
express cyclooxygenase-2. J. Clin. Invest. 95, 1861–1868
CrossRef PubMed
Coward, W.R., Watts, K., Feghali-Bostwick, C.A., Knox, A. and
Pang, L. (2009) Defective histone acetylation is responsible for
the diminished expression of cyclooxygenase 2 in idiopathic
pulmonary fibrosis. Mol. Cell Biol. 29, 4325–4339
CrossRef PubMed
Song, S.H., Jong, H.S., Choi, H.H., Inoue, H., Tanabe, T., Kim,
N.K. and Bang, Y.J. (2001) Transcriptional silencing of
cyclooxygenase-2 by hyper-methylation of the 5’ cpg island in
human gastric carcinoma cells. Cancer Res. 61, 4628–4635
PubMed
Hur, K., Song, S.H., Lee, H.S., Ho Kim, W., Bang, Y.J. and Yang,
H.K. (2003) Aberrant methylation of the specific cpg island
portion regulates cyclooxygenase-2 gene expression in human
gastric carcinomas. Biochem. Biophys. Res. Commun. 310,
844–851 CrossRef PubMed
Weber, M., Hellmann, I., Stadler, M.B., Ramos, L., Paabo, S.,
Rebhan, M. and Schubeler, D. (2007) Distribution, silencing
potential and evolutionary impact of promoter DNA methylation in
the human genome. Nat. Genet. 39, 457–466
CrossRef PubMed
Cisneros, J., Hagood, J., Checa, M., Ortiz-Quintero, B., Negreros,
M., Herrera, I., Ramos, C., Pardo, A. and Selman, M. (2012)
Hypermethylation-mediated silencing of p14(arf) in fibroblasts
from idiopathic pulmonary fibrosis. Am. J. Physiol. Lung Cell Mol.
Physiol. 303, L295–L303 CrossRef PubMed
Huang, S.K., Fisher, A.S., Scruggs, A.M., White, E.S., Hogaboam,
C.M., Richardson, B.C. and Peters-Golden, M. (2010)
Hypermethylation of ptger2 confers prostaglandin e2 resistance
in fibrotic fibroblasts from humans and mice. Am. J. Pathol. 177,
2245–2255 CrossRef PubMed
Dees, C., Schlottmann, I., Funke, R., Distler, A., Palumbo-Zerr,
K., Zerr, P., Lin, N.Y., Beyer, C., Distler, O., Schett, G. and Distler,
J.H. (2014) The wnt antagonists dkk1 and sfrp1 are
downregulated by promoter hypermethylation in systemic
sclerosis. Ann. Rheum. Dis. 73, 1232–1239
CrossRef PubMed
Moore, B.B., Ballinger, M.N., White, E.S., Green, M.E., Herrygers,
A.B., Wilke, C.A., Toews, G.B. and Peters-Golden, M. (2005)
Bleomycin-induced e prostanoid receptor changes alter fibroblast
responses to prostaglandin e2. J. Immunol. 174, 5644–5649
CrossRef PubMed
Chang, X., Monitto, C.L., Demokan, S., Kim, M.S., Chang, S.S.,
Zhong, X., Califano, J.A. and Sidransky, D. (2010) Identification
of hypermethylated genes associated with cisplatin resistance in
human cancers. Cancer Res. 70, 2870–2879 CrossRef PubMed
Sunde, M., McGrath, K.C., Young, L., Matthews, J.M., Chua, E.L.,
Mackay, J.P. and Death, A.K. (2004) Tc-1 is a novel tumorigenic
and natively disordered protein associated with thyroid cancer.
Cancer Res. 64, 2766–2773 CrossRef PubMed
Yang, Z.Q., Moffa, A.B., Haddad, R., Streicher, K.L. and Ethier,
S.P. (2007) Transforming properties of tc-1 in human breast
cancer: interaction with fgfr2 and beta-catenin signaling
pathways. Int. J. Cancer 121, 1265–1273 CrossRef PubMed

c 2016 The Author(s) This is an open access article published by Portland Press Limited and distributed under the Creative Commons Attribution License 3.0


Downloaded from http://portlandpress.com/clinsci/article-pdf/130/8/575/447293/cs1300575.pdf by guest on 17 May 2021

17

Moore, B.B., Peters-Golden, M., Christensen, P.J., Lama, V.,
Kuziel, W.A., Paine, 3rd, R. and Toews, G.B. (2003) Alveolar
epithelial cell inhibition of fibroblast proliferation is regulated by
mcp-1/ccr2 and mediated by pge2. Am. J. Physiol. Lung Cell Mol.
Physiol. 284, L342–L349 CrossRef PubMed
Peters-Golden, M., Bailie, M., Marshall, T., Wilke, C., Phan, S.H.,
Toews, G.B. and Moore, B.B. (2002) Protection from pulmonary
fibrosis in leukotriene-deficient mice. Am. J. Respir. Crit. Care
Med. 165, 229–235 CrossRef PubMed
Fujita, M., Shannon, J.M., Morikawa, O., Gauldie, J., Hara, N. and
Mason, R.J. (2003) Overexpression of tumor necrosis
factor-alpha diminishes pulmonary fibrosis induced by bleomycin
or transforming growth factor-beta. Am. J. Respir. Cell Mol. Biol.
29, 669–676 CrossRef PubMed
Sanders, Y.Y., Pardo, A., Selman, M., Nuovo, G.J., Tollefsbol, T.O.,
Siegal, G.P. and Hagood, J.S. (2008) Thy-1 promoter
hypermethylation: a novel epigenetic pathogenic mechanism in
pulmonary fibrosis. Am J. Respir. Cell Mol. Biol. 39, 610–618
CrossRef PubMed
Wang, Y., Fan, P.S. and Kahaleh, B. (2006) Association between
enhanced type i collagen expression and epigenetic repression
of the fli1 gene in scleroderma fibroblasts. Arthritis Rheum. 54,
2271–2279 CrossRef PubMed
Imai, N., Hishikawa, K., Marumo, T., Hirahashi, J., Inowa, T.,
Matsuzaki, Y., Okano, H., Kitamura, T., Salant, D. and Fujita, T.
(2007) Inhibition of histone deacetylase activates side
population cells in kidney and partially reverses chronic renal
injury. Stem Cells 25, 2469–2475 CrossRef PubMed
Chung, Y.L., Wang, A.J. and Yao, L.F. (2004) Antitumor histone
deacetylase inhibitors suppress cutaneous radiation syndrome:
implications for increasing therapeutic gain in cancer
radiotherapy. Mol. Cancer Ther. 3, 317–325 CrossRef PubMed
Glenisson, W., Castronovo, V. and Waltregny, D. (2007) Histone
deacetylase 4 is required for tgfbeta1-induced myofibroblastic
differentiation. Biochim. Biophys. Acta 1773, 1572–1582
CrossRef PubMed
Kikuchi, T., Itoh, F., Toyota, M., Suzuki, H., Yamamoto, H., Fujita,
M., Hosokawa, M. and Imai, K. (2002) Aberrant methylation and
histone deacetylation of cyclooxygenase 2 in gastric cancer. Int.
J. Cancer 97, 272–277 CrossRef PubMed
Sanders, Y.Y., Ambalavanan, N., Halloran, B., Zhang, X., Liu, H.,
Crossman, D.K., Bray, M., Zhang, K., Thannickal, V.J. and
Hagood, J.S. (2012) Altered DNA methylation profile in idiopathic
pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 186, 525–535
CrossRef PubMed
Rabinovich, E.I., Kapetanaki, M.G., Steinfeld, I., Gibson, K.F.,
Pandit, K.V., Yu, G., Yakhini, Z. and Kaminski, N. (2012) Global
methylation patterns in idiopathic pulmonary fibrosis. PLoS One
7, e33770 CrossRef PubMed
Huang, S.K., Scruggs, A.M., McEachin, R.C., White, E.S. and
Peter-Golden, M. (2014) Lung fibroblasts from patients with
idiopathic pulmonary fibrosis exhibit genome-wide differences in
DNA methylation compared to fibroblasts from nonfibrotic lung.
PLoS One 9, e107055 CrossRef PubMed
Maher, T.M., Evans, I.C., Bottoms, S.E., Mercer, P.F., Thorley, A.J.,
Nicholson, A.G., Laurent, G.J., Tetley, T.D., Chambers, R.C. and
McAnulty, R.J. (2010) Diminished prostaglandin e2 contributes
to the apoptosis paradox in idiopathic pulmonary fibrosis. Am. J.
Respir. Crit. Care Med. 182, 73–82 CrossRef PubMed
Erfurth, F.E., Popovic, R., Grembecka, J., Cierpicki, T., Theisler, C.,
Xia, Z.-B., Stuart, T., Diaz, M.O., Bushweller, J.H. and Zeleznik-Le,
N.J. (2008) MLL protects CpG clusters from methylation within
the Hoxa9 gene, maintaining transcript expression. Proc. Natl.
Acad. Sci. U.S.A. 105, 7517–7522 CrossRef PubMed
Flanagan, J.M., Munoz-Alegre, M., Henderson, S., Tang, T., Sun,
P., Johnson, N., Fletcher, O., Dos Santos Silva, I., Peto, J.,
Boshoff, C. et al. (2009) Gene-body hypermethylation of ATM in
peripheral blood DNA of bilateral breast cancer patients. Hum.
Mol. Genet. 18, 1332–1342 CrossRef PubMed

585

I.C. Evans and others

43

44

45

Kim, J., Kim, Y., Kim, H.T., Kim, D.W., Ha, Y., Kim, C.H., Lee, I.
and Song, K. (2009) Tc1(c8orf4) is a novel endothelial
inflammatory regulator enhancing nf-kappab activity. J. Immunol.
183, 3996–4002 CrossRef PubMed
Kim, Y., Kim, J., Park, J., Bang, S., Jung, Y., Choe, J., Song, K.
and Lee, I. (2006) Tc1(c8orf4) is upregulated by
il-1beta/tnf-alpha and enhances proliferation of human follicular
dendritic cells. FEBS Lett. 580, 3519–3524
CrossRef PubMed
Friedman, J.B., Brunschwig, E.B., Platzer, P., Wilson, K. and
Markowitz, S.D. (2004) C8orf4 is a transforming growth
factor b induced transcript downregulated in metastatic
colon cancer. Int. J. Cancer 111, 72–75
CrossRef PubMed

46

47

48

Borok, Z., Gillissen, A., Buhl, R., Hoyt, R.F., Hubbard, R.C., Ozaki,
T., Rennard, S.I. and Crystal, R.G. (1991) Augmentation of
functional prostaglandin E levels on the respiratory epithelial
surface by aerosol administration of prostaglandin e. Am. Rev.
Respir. Dis. 144, 1080–1084 CrossRef PubMed
Coward, W.R., Feghali-Bostwick, C.A., Jenkins, G., Knox, A.J. and
Pang, L. (2014) A central role for G9a and EZH2 in the
epigenetic silencing of cyclooxygenase-2 in idiopathic pulmonary
fibrosis. FASEB J. 7, 3183–3196 CrossRef
Dakhlallah, D., Batte, K., Wang, Y., Cantemir-Stone, C.Z., Yan, P.,
Nuovo, G., Mikhail, A, Hitchcock, C.L., Wright, V.P., Nana-Sinkam,
S.P. et al. (2013) Epigenetic regulation of mir-17–92 contributes
to the pathogenesis of pulmonary fibrosis. Am. J. Respir. Crit.
Care Med. 187, 397–405 CrossRef PubMed

Accepted Manuscript online 7 January 2016, doi: 10.1042/CS20150697

586

c 2016 The Author(s) This is an open access article published by Portland Press Limited and distributed under the Creative Commons Attribution License 3.0


Downloaded from http://portlandpress.com/clinsci/article-pdf/130/8/575/447293/cs1300575.pdf by guest on 17 May 2021

Received 5 October 2015/21 December 2015; accepted 7 January 2016

