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Abstract

Idiopathic pulmonary fibrosis (IPF), a devastating,
fibroproliferative, chronic lung disorder, is associated with
expansion of fibroblasts/myofibroblasts, which leads to excessive
production and deposition of extracellular matrix. IPF is typically
clinically identified as end-stage lung disease, after fibrotic
processes are well-established and advanced. Fibroblasts have
been shown to be critically important in the development and
progression of IPF. We hypothesize that differential chromatin
access can drive genetic differences in IPF fibroblasts relative to
healthy fibroblasts. To this end, we performed assay of
transposase-accessible chromatin sequencing to identify
differentially accessible regions within the genomes of fibroblasts
from healthy and IPF lungs. Multiple motifs were identified to be
enriched in IPF fibroblasts compared with healthy fibroblasts,
including binding motifs for TWIST1 and FOXA1. RNA

sequencing identified 93 genes that could be annotated to
differentially accessible regions. Pathway analysis of the
annotated genes identified cellular adhesion, cytoskeletal
anchoring, and cell differentiation as important biological
processes. In addition, single nucleotide polymorphism analysis
showed that linkage disequilibrium blocks of IPF risk single
nucleotide polymorphisms with IPF-accessible regions that have
been identified to be located in genes that are important in IPF,
including MUC5B, TERT, and TOLLIP. Validation studies in
isolated lung tissue confirmed increased expression for TWIST1
and FOXAL in addition to revealing SHANK2 and CSPR2 as
novel targets. Thus, modulation of differential chromatin access
may be an important mechanism in the pathogenesis of lung
fibrosis.
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The most common type of restrictive lung
disease is idiopathic pulmonary fibrosis
(IPF), a lethal lung disease defined by
chronic, progressive, and irreversible
interstitial fibrosis. In established IPF, hazy
opacities, reduced inspiratory lung volumes,
and chest radiographs showing bilateral
reticular infiltrates predominately in the
lower lobes indicate the presence of
interstitial lung disease (1). Several genetic
predispositions for IPF have previously been
identified. These include genes associated
with telomerase maintenance (telomerase
RNA component [TERC], telomerase reverse
transcriptase [TERT]) (1), along with others
such as Toll-interacting protein (TOLLIP),
mucin-5B (MUC5B), and MAM
domain-containing glycosylphosphatidyli-
nositol anchor protein 2 (MDGA?2) (2). The
prognosis of IPF with conventional
treatment is poor, and minimal treatment
exists. If left untreated, the median survival
rate for IPF is 3-5 years. For long-term
survival, the only strategy is lung
transplantation. However, donor lung supply
is limited, and lung transplant outcomes are
still inferior to those of other organ
transplants. Therefore, identification of
nontransplant therapies continues to be
essential.

IPF is often detected as an end-stage
diffuse fibrotic disease. IPF progresses from
foci of fibrotic lesions in the lower lobes, to
diffuse lung disease, with intermittent
fibrotic lesions visible in the upper lobes. The
upper lobes often still contain some normal-
appearing tissue (1, 3). Distinct differences in
expression profiles between upper and lower
lobes has recently been shown (4). Key
effector cells in fibrotic foci are activated
fibroblasts, myofibroblasts. Whereas under
physiological conditions, myofibroblasts are
pivotal for wound repair, aberrant activation
drives these cells to become
hyperproliferative with increased
extracellular matrix production and
apoptotic resistance (5, 6). These cellular
characteristics contribute to the destruction
of lung architecture and are important in
driving the active fibrotic lesions observed in
IPF.

The cellular characteristics of fibroblasts
in IPF have been shown to differ from
normal fibroblasts (7). These studies have
been performed from cells isolated from
highly fibrotic lung regions, yet the genetic
signature from fibroblasts in areas of active
fibrotic lesions is not fully known. The upper
lobes of explanted IPF lungs contain normal-

appearing tissue with intermittent fibrotic
foci, suggesting active fibrotic lesions in these
foci. Gene expression profiles of
myofibroblasts isolated from the upper lobes
in patients with IPF may offer early disease
markers and help us delve into the
mechanisms that promote aberrant tissue
repair in IPF.

Our understanding of the cellular and
molecular pathways associated with
fibroblasts in active IPF lesions remains
limited. We have used assay for transposase-
accessible chromatin sequencing (ATAC-
Seq) on upper lobe cultured fibroblasts from
healthy controls and IPF patients to identify
differentially accessible regions (DARs) and
transcription factor binding sites within the
genome of these cells. Additionally, we have
used RNA sequencing (RNA-Seq) to identify
differentially expressed genes (DEGs) that
could reflect early disease in IPF. Our
hypothesis is that fibroblasts isolated from
the upper lobes from IPF patients will
present with distinct transcriptomic and
epigenetic signatures compared with healthy
fibroblasts. These upper lobe signatures may
provide insight in the progression of fibrosis
in IPF.

Methods

Human Samples

Human-explanted lung samples from IPF
patients were deidentified and obtained from
the transplantation programs at Memorial
Hermann Hospital and The Houston
Methodist Hospital. The collection of
material was approved by the following
institutional review board approvals (HSC-
MS-15-1049 and HSC-MS-08-0354). IPF
lung tissue was collected at the time of lung
explantation and processed on site within 60
minutes. Normal human lung tissues were
obtained from the International Institute for
the Advancement of Medicine; they were
collected from lungs that were unused for
transplantation because of reasons unrelated
to obvious acute or chronic pulmonary
disease. Basic demographic and clinical data
from control- and IPF-derived tissues are
included in Table E1 in the data supplement.

Cell Culture

Primary human lung fibroblasts were
isolated directly from the upper half of the
upper lobe close to apical regions from
human lungs (explant IPF lungs or normal
healthy lungs) using the explant method.

This area of the lung in IPF patients has
reduced fibrosis compared with lower
regions of the lung as demonstrated
histologically and following Ashcroft scores
(Figure E1). Fibroblasts were cultured in
Dulbecco’s modified Eagle medium
containing 10% FBS (Sigma- Aldrich),
penicillin/streptomycin (Sigma-Aldrich),
plasmocin (Invivogen), and amphotericin B
(Sigma- Aldrich). Passage 3 and 4 were used
for all subsequent analysis.

Histology and Morphometry
Formalin-fixed paraffin embedded lung
samples were cut at 5 pm thickness and
stained for Masson’s trichome. Ashcroft
scores were performed by investigators
blinded to group status, as previously
described (8).

RNA Isolation

RNA was isolated using Trizol and the
Qiagen RNeasy kit (Qiagen) according to the
manufacturer’s instructions. RN A was stored
at -80°C.

Preprocessing and Differential
Analysis of RNA Sequencing Data
The raw reads obtained from paired-end
RNA sequencing were mapped to human
reference genome hg38 using Hisat2 (9) with
default parameters. Gene expression level
was calculated as fragments per Kb per
million reads with Cufflinks v2.2.1 (10) and
count with htseq-count (11); the annotation
gtf file is gencode v28 from GENCODE (12).
R edgeR (13) was used to obtain the DEGs
between IPF patients and health controls
with false discovery rate (FDR) cutoff of 0.01
and fold change cutoff of 1.5.

ATAC-Seq Data Analysis

ATAC-Seq was performed on three
individual IPF fibroblasts and three individual
healthy controls. All libraries were sequenced
on the Illumina HiSeq 2500 with 80 bp single-
end reads. Illumina adapters were first
trimmed by Trim galore (https://www.
bioinformatics.babraham.ac.uk/projects/
trim_galore/), and then reads were aligned to
hg38 with bowtie2 (14) using default
parameters. The low-quality reads

(MAPQ < 10, PCR duplicates) were excluded
from the further analysis. All mapped reads
were offset by +4 bp for the + strand and -5
bp for the - strand (15). For each sample,
peaks were called using MACS2 (16) with
following parameters: “-q 0.05 -B —nomodel
—shift 37 -extsize 73 —~broad —keep-dup all.”
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Encode blacklist regions and regions in
mitochondrial and chromosome Y were
excluded from called peaks. The significant
change of chromatin accessibility between the
two groups was accessed using edgeR (13) on
the basis of the counts of peak regions, with
FDR (false discovery rate) cutoff of 0.05 and
fold change cutoff of 1.5. HOMER (17) was
applied for peak annotation and motif
analysis. MEME-ChIP was also applied for
motif analysis (18). A schematic overview of
the data processing is given in Figure E2.

Data Sharing

All analyzed ATAC-Seq and RNA-Seq data
will be made available and deposited in an
online database.

Validation qPCR and PCR Array
Total RNA was isolated from frozen lung
tissue. Individual primers for validation
quantitative PCR (qPCR) are described in
Table E2 and were run using SYBR Green.
For qPCR experiments that consisted of
two groups, an unpaired two-tailed Student’s
t test with a Welch correction was
performed. The Grubbs’ test was used to
detect outliers. GraphPad Prism 7.0 or higher
was used to analyze the data.

Results

Single Nucleotide Polymorphisms in
Differentially Associated Regions
Healthy and IPF fibroblasts were isolated
from the upper half of the upper lobe of
healthy controls and IPF patients. ATAC
using sequencing was performed to assess
chromatin accessibility differences between
healthy and IPF fibroblasts. Quality control
of ATAC-Seq libraries showed similar
genomic distribution of merged peak regions
in IPF and healthy fibroblasts (Figure E3).
The successful detection of accessible regions
is also supported by the observation of strong
enrichment of reads around transcription
start sites (Figure E4). As ATAC-Seq reads
are enriched at transcription start sites (19),
this method allows for transcription factor
binding prediction. DNA binding-site motif
analysis shows DARs that become either
more or less accessible in IPF fibroblasts
compared with healthy fibroblasts. Twenty-
seven unique genome-wide association study
SNPs were known to be associated with IPF
from the EBI database (https://www.ebi.ac.
uk/gwas/efotraits/EFO_0000768); linkage
disequilibrium (LD) blocks of those SNPs

were obtained from SNiPA database (https://
snipa.helmholtz-muenchen.de/snipa3/) using
the 1000 Genome Project Phase 3 data of
European population with the cutoff of

7* < 0.8. We then identified 20 LD blocks out
of 27 SNPs (Table E3). Except the LD block
of rs7725218, all the 19 LD blocks contained
IPF peaks, and LD block of rs11191865
contained more IPF DARs. Our results
demonstrated the presence of SNPs
previously reported in IPF that included
TERT, TOLLIP, MUC5B, GOSR2, and
TYH]I, among others (2, 20, 21). These
results demonstrate that these SNPs are
conserved in our IPF samples and validate
the IPF origin of our fibroblasts. The
genomic distribution of peak regions in our
ATAC-Seq samples in healthy and IPF
fibroblasts is shown in Figure E5.

DEGs in Healthy and IPF Fibroblasts
To identify gene expression changes, RNA-
Seq was performed for both healthy and IPF
fibroblasts to find DEGs in healthy versus IPF
fibroblasts. We used a cutoff FDR <0.05 and
fold change >1.5. Our volcano plot and heat
map show a total of 858 DEGs between
healthy and IPF fibroblasts, with 350 genes
that were upregulated and 508 downregulated
in IPF versus healthy fibroblasts (Figure 1A),
and the resulting heat map (Figure 1B) reveals
clear differences between IPF and controlling
derived fibroblasts. The top 40 DEGs are
listed in Table 1. Importantly, using both
ATAC-Seq and RNA-Seq samples we
performed a principal component analysis
plot including all regions or genes
demonstrating a clear separation between our
control and IPF samples (Figure E6).

Interestingly, the top 40 differentially
expressed protein-coding genes revealed
many targets that have been previously
linked with lung fibrosis. These include
podoplanin (PDNP) (22), keratin type II
cytoskeletal 8 (KRT8) (23), angiotensin
(AGT) (24), integrin alpha 11 (ITGA11) (25),
R-spondin 3 (RSPO3) (26), and cysteinyl
leukotriene type 1 receptor (CYSLTRI1) (27).
The other genes were presumed to be novel
genes associated with IPF. Subsequent
pathways and functional annotation of the
DEGs in IPF fibroblasts were next analyzed
using database for annotation, visualization
and integrated discovery (DAVID) (Figure
1C). These analyses demonstrated that
cellular adhesion and extracellular matrix
(ECM) organization/receptor interaction
pathways are enriched in IPF fibroblasts
compared with normal cells.

Differentially Associated Regions in
Healthy and IPF Fibroblasts
A heatmap of DARs between healthy and
IPF fibroblasts was determined by ATAC-
Seq with both enriched and reduced open
chromatin regions in healthy versus IPF
fibroblasts (Figure 2A), with the cutoff of
FDR <0.05 and fold change >1.5. A total of

1,487 DARs were found with 904 DARs
more accessible and 583 DAR:s less accessible
regions in IPF fibroblasts compared with
healthy fibroblasts. The significantly enriched
motifs among those DARs through motif
analysis are shown in Figure 2B. This
revealed the known IPF target TWIST1 and
also revealed novel targets such as
Hepatocyte nuclear factor 3-alpha (FOXA1),
Zinc finger and BTB domain containing 18
(ZBTB18), Core-binding factor subunit beta
(CBFB), and Forkhead box P1 (FOXP1).
These transcription factors are involved in
development, organ-specific cell
differentiation, and hematopoiesis. Our
results revealed reduced accessibility for
novel targets including CCAAT/enhancer-
binding protein alpha (CEBPA), Trans-
acting T cell-specific transcription factor
GATA-6 (GATA®), Distal-less homeobox 1
(DLX1), MDS1 and EVI1 complex locus
(MECOM), TGFB induced factor homeobox
1 (TGIF1), and MEIS homeobox 1 (MEIS1)
(Figure 2B). The functions of these
transcription factors were varied, but they are
involved in body weight regulation,
craniofacial patterning, development, cellular
differentiation and proliferation, signal
transduction, and survival of inhibitory
neurons in the brain. We then gathered
information of target genes of the 11 TFs
using the TF2DNA, MotifMap, and CHEA
databases (28-30). The obtained target genes
that intersected with DEGs between IPF and
healthy fibroblasts are the potential true
target genes employed in the IPF disease
state. Finally, the overlap in TF functionality
between increased and decreased DARs was
reflected in the biomolecular interaction
network of TFs and their target genes using
Cytoscape (Figure 3) (31). To generate this
figure, the TF2DNA, MotifMap, and CHEA
databases was used to predict the potential
binding target genes for these transcription
factors on the basis of experimental and
theoretical sources. The predicted target
genes of TFs obtained from the three
databases were then compared with DARs
associated genes and DEGs; the overlapped
genes between predicted target genes of three
databases and DARs associated DEGs have
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Figure 1. RNA sequencing analysis of healthy and idiopathic pulmonary fibrosis (IPF) fibroblasts (FBs). (A) Volcano plot and (B) heatmap of
differentially expressed genes (DEGs) in healthy and IPF FBs by RNA sequencing. Cutoff FDR was <0.05 and fold change >1.5. (C) Annotation
of differentially expressed genes in healthy and IPF FBs using DAVID. BP = biological process; DAVID = database for annotation, visualization
and integrated discovery; ECM = extracellular matrix; FDR = false discovery rate; KEGG = Kyoto Encyclopedia of Genes and Genomes.
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Table 1. Differentially Expressed Genes in Idiopathic Pulmonary Fibrosis Fibroblasts Compared to Healthy Fibroblasts

Gene Symbol Log2 (Fold Change) Gene Symbol Log2 (Fold Change)
Top Downregulated Genes Top Upregulated Genes

PDPN —4.0920827 ITM2A 5.74460609
CPXM1 —4.0497139 LCE1E 5.51594931
KRT18 —3.963184 SLITRK2 5.31882352
TSPAN18 —3.9318555 LCE2A 4.81649601
RARRES2 —3.8886874 CYSLTR1 4.7029308

PKD1P5 —3.8386864 TOX 4.5905139

TENM2 —3.7764473 PRRX2 4.42152492
AGT —3.7339043 LRATD1 4.40165336
KIF21B —3.7171292 DUXAP9 4.35409129
CECR2 —3.6379231 RORB 4.3229159

ITGA11 —3.5238605 CADPS 4.20133148
GPRC5C —3.4537471 SLC14A1 4.15324368
RSPO3 —3.3910054 ST8SIA1 4.02093675
FRAS1 —3.3745218 FER1L6 4.00672099
TMEM233 —3.3691099 NELFE 3.98025726
CDK18 —3.3514001 KPRP 3.94831062
NEFH —3.3382606 ADAMTS19 3.86817991
IGFN1 —3.3304446 TPTEP1 3.76492248
SDK2 —3.288493 RUNX3 3.71662771
UNC5C —3.2667218 NTSR1 3.67969715

the highest possibilities to be true targets of DARs and performed pathway analysis using  not identified by DEG data alone, such

TFs in our fibroblasts cell line (Table E4). DAVID. We identified 93 genes that could as matrix gla protein (MGP) (32),

be annotated to DARs. The top 20 interleukin-33 (IL33) (33), cluster of
DEGs Annotated to Differentially upregulated and downregulated differentially  differentiation 36 (CD36) (34), secreted
Associated Regions expressed annotated protein-coding genes phosphoprotein 1 (SPP1) (35), and
Next, to understand the biological relevance are listed in Table 2. This analysis revealed vascular cell adhesion molecule 1

of the DARs, we annotated the DEGs to the targets associated with lung fibrosis that were ~ (VCAM1) (36).
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- TF binding sites in IPF FB more DARs TF binding sites in IPF FB less DARs
3 150
S 0 m Homer results
21012
Value TF P-value

P-value

Healthy  Healthy  Healthy IPF IPF IPF
FB3 FB2

TF
= = v — —— TWIST1 gACATCT . Eg 1x10"° CEBPA ‘A;rrz]: QA-‘A__\_e 1x107"7
FOXA1 MIIIAAAQA 1x107" GATA6 A AIAAI_‘A 1x107™
DLX1 . éev.\IéAII.A 1x10°"

MEME-CHIP results

TF , E-value TF 21 E-value
17 £ 14
zBTB18 £ 2.9x107 MECOM 2 | c 3.1x100
0 Tg T2 3456
1234567 2
2
[}
CBFB g 1} T TE 6.2x10°  TGIF1 & ' T Ac 2.4x1072
0“1 2345867 o § N E
2 27
%) 2 4
FOXP1 51 1.9x10* MEIS1T & 1.2x1072
w
012345%7 12 34%

Figure 2. Assay for transposase-accessible chromatin sequencing analysis of healthy and IPF FBs. (A) Heatmap of differentially accessible
regions (DARs) in healthy and IPF FBs by assay for transposase-accessible chromatin sequencing. Cutoff FDR was <0.05 and fold change
>1.5. (B) Enriched motifs and related transcription factors (TFs) in differentially accessible regions in IPF fibroblasts using Homer and MEME-
ChlP.
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Figure 3. Networks of enriched TFs and their potential target genes. (A) TFs enriched in IPF FB more DARs; (B) TFs enriched in IPF FB less
DARs.

Next, we validated our results by our ATAC-Seq results. Interestingly, Regarding TFs that were identified to have
qPCR our ATAC-Seq data using isolated although our ATAC-Seq data identified reduced DAR, only GATAG6 expression was
lung tissue; these revealed increased increased DAR for FOXP1 and ZBTB18,no  reduced in isolated lung tissue (Figure 4E);
expression levels for the TF: FOXA1 and increased expression in isolated lung tissue no differences in CEBPA, MECOM, TGIF1,
TWIST1 (Figures 4A and 4B) consistent with ~ was identified (Figures 4B and 4C). and MEIS1 were detected (Figures 4F-4I).

Table 2. Differentially Expressed Genes Annotated to Differentially Accessible Chromatin Regions in Idiopathic Pulmonary
Fibrosis Fibroblasts Compared to Healthy Fibroblasts

Gene Symbol Log2 (Fold Change) Gene Symbol Log2 (Fold Change)
Top Down-annotated Genes Top Up-annotated Genes

PDPN —4.092 LRATD1 4.40165336
CECR2 —3.638 KPRP 3.94831062
GPRC5C —3.454 WSCD1 3.51632614
TMEM233 —3.340 INSC 3.21226656
UNC5C -3.267 WNT9A 2.88724779
CD36 -3.237 GCNT2 2.75540852
MGP -3.222 HLF 2.47426479
ADD2 -3.139 SHANK2 2.28477953
CYP7B1 —2.854 PKP1 2.24754
IL33 -2.797 FABP3 1.96071504
VSTM2L —2.776 GPNMB 1.79752248
F11R —2.721 CAPS 1.69276489
TENM3 —-2.634 FOXLA 1.68227658
KRT8 —2.613 VCAM1 1.64710903
ROR2 —2.489 DENNDS3 1.6295145
NMNAT2 —2.457 ADAMTS14 1.62248557
GAS7 —2.438 SVIL 1.61732069
SPP1 —-2.413 SCARAS 1.54750868
MAN1CA —2.367 FAM180A 1.40541947
ZBED6CL —2.354 FAR2 1.31814203
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Figure 4. (A-/) Expression levels for the TFs: TWIST1 (A), FOXA1 (B), FOXP1 (C), ZBTB18 (D), CEBPA (E), GATAG (F), MECOM (G), TGIF (H)

and MEIS1 (/) from control or IPF lung tissue. Significance level *P<0.05 refers to comparisons between Control and IPF.
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Next, we sought to validate the predicted
gene network identified in Figure 3. These
studies revealed increased expression for the
FOXP1 predicted targets cysteine and glycine
rich protein 2 (CSRP2) and SH3 and
multiple ankyrin repeat domains 2
(SHANK?2) in lung tissue samples (Figures
5A and 5B) but not INSC spindle orientation
adaptor protein (INSC) or lysyl oxidase like 1
(LOXL1) (Figures 5C and 5D). Similarly, no
changes in supervillin (SVIL1) or kazal type
serine peptidase inhibitor domain 1
(KAZALD1), downstream targets of
TWIST]1, were identified between IPF and
control samples (Figures 5E and 5F). In
addition to these targets, we also determined
expression levels for the pro-fibrotic genes
Colla2, fibronectin (FN1), and periostin
(POSTN). These profibrotic markers were
elevated in IPF compared with control lung
samples (Figures 5G-5I). Importantly, our
validation studies were performed in a
distinct set of control and IPF samples to
enhance the significance of our results.

Discussion

The primary goal of this study was to identify
alterations in chromatin accessibility in IPF
fibroblasts from upper lobes where
intermittent fibrosis is present. These upper
lobe signatures may provide insight in the
development of active fibrotic lesions. To this
end we used fibroblasts isolated from upper
lobes of explanted IPF lungs and control
unused transplant lungs and compared gene
expression profiles using RNA sequencing
and chromatin accessibility using ATAC-
Seq. The novelty of this work is that we used
fibroblasts isolated from active fibrotic
lesions, present in the upper lobes of IPF
patients. Additionally, we also used ATAC-
Seq alongside RNA-Seq to identify genetic
differences following changes in chromatin
accessibility. These findings were validated
using isolated human lung tissue from
control or IPF lungs.

Our data show that in early lesions of
IPF, there are significant gene expression
differences between IPF and healthy
fibroblasts. A recent study indicated a global
gene expression difference between the
upper lobes of healthy controls and IPF
patients, despite using normal-appearing
tissue in the upper lobes of IPF patients (4).
This study verifies the validity of using upper
lobe-isolated fibroblasts to compare

transcriptomic and epigenetic differences
between healthy and IPF fibroblasts.

Multiple studies have performed
genome wide transcriptomic profiling of
human lung tissue of healthy controls and
IPF patients (37-39). Human lung tissue
contains various cell types of which the
composition drastically changes in fibrotic
disease, where myofibroblasts become a
major representing cell type. We therefore
chose to use lung tissue—derived fibroblasts
for our study. A major advantage of our
study is that we isolated fibroblasts from the
same anatomic region within the explanted
lungs, thereby limiting the heterogeneity of
the samples. Primary cells isolated from
human tissues are notoriously known for the
sample heterogeneity. Nonetheless, despite
using four to five individual donors per
group, we observe nice clustering of the
samples, which may be explained by the fact
that fibroblasts were isolated from the same
anatomical regions within the explanted
lungs. The results were then validated in
control and IPF lung samples.

Our fibroblasts were cultured to passage
3 or 4 before analysis was performed. Despite
in vitro culture, we still see fibrosis-related
pathways, including cell motility, ECM
organization, and cell migration, being
significantly affected in IPF fibroblasts
compared with healthy controls.
Furthermore, we observe various
developmental processes altered in the IPF
fibroblasts.

Previous reports have identified specific
genes regulated by epigenetic changes in IPF
samples (40, 41). Additionally, several groups
identified widespread changes in methylation
patterns in IPF lungs (42, 43). Nevertheless,
knowledge regarding widespread epigenetic
changes in specific cell types within IPF lungs
remains limited. We therefore used ATAC-
Seq to assess chromatin accessibility changes
between healthy and IPF fibroblasts. A major
advantage of ATAC-Seq compared with
chromatin immunoprecipitation sequencing is
that it does not require specific antibody pull-
down, thereby preventing missing potential
genetic targets regulated by the antibody-
targeted proteins (44). ATAC-Seq revealed
differentially accessible chromatin regions
between healthy and IPF fibroblasts. As seen in
our RNA-Seq results, using three individual
donors per group for ATAC-Seq, we again
observe nice clustering of the samples.

With both RNA- and ATAC-Seq data
available, we next annotated our DEGs to
our differentially accessible chromatin

regions, followed by pathway analysis. Genes
annotated to the less accessible regions in IPF
fibroblasts allocate to various fibrotic-related
pathways. These pathways include
cytoskeleton anchoring, signal transduction,
and cell differentiation. Surprisingly, genes
annotated to the more accessible regions in
IPF fibroblasts allocated to development,
negative regulation of cell proliferation, and
cell adhesion, suggesting that reduced
chromatin accessibility may be important in
the regulation of these pathways in IPF
fibroblasts.

Accessible chromatin regions are
enriched within transcription start sites (19),
allowing transcription factor binding motif
analysis. The binding motifs for both FOXA1
and TWIST1 were enriched in IPF
fibroblasts compared with controls. Both
FOXA1 and TWIST1 were confirmed in our
validation experiments. The role of FOXA1
in lung fibrosis has not been fully identified;
however, increased expression of this
transcription factor has been identified in a
rat model of acute lung injury that developed
fibrotic injury (45). Elevated FOXA1 has also
been detected in non-small-cell lung cancer
where it modulated invasion, proliferation,
and migration of highly invasive A549 cells
(46). Intriguingly, two previously unreported
targets in IPF associated with FOXAL,
CSPR2 and SHANK2, were identified in our
qPCR data. Although our studies link CSPR2
with FOXA1, TGF-f can also increase its
expression (47). Furthermore, increased
CSPR2 has been linked with promoting
epithelial and mesenchymal cancer cell
invasion through acting bundling necessary
for invadopodia (48). SHANK?2 has also been
identified as a major tumor amplicon that
regulates Hippo signaling (49), an important
mechanism in mechanosignaling of
fibroblasts in fibrosis (50). Taken together,
these results point at a potential role of
FOXALI in lung fibrosis, given the similar
changes in cell physiology of fibroblasts in
IPF (5, 6). TWIST1 is a previously
recognized mediator in the development of
IPF, primarily through epithelial to
mesenchymal transition (EMT) and T cell
dysregulation (51); intriguingly, its
downstream targets identified by out analysis
were not validated by qPCR.

We also discovered several other
binding motifs to be less accessible, including
CEBPA, DLX1, TGIF1, and GATAS,
although only GATA6 was confirmed by our
qPCR experiments. In contrast to our
studies, GATA-6 was found to be
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Figure 5. (A-/) Expression levels for predicted target genes for FOXA1: CSRP2 (A), SHANK2 (B), INSC (C), LOXL2 (D); the TWIST1 targets:
SVIL1 (E), KAZALD1 (F), and the fibrotic markers: COL1A2 (G), FN1 (H), and POSTN (/) from control or IPF lung tissue. Significance level
*P < 0.05 refers to comparisons between Control and IPF.

Hanmandlu, Zhu, Mertens, et al.: Transcriptomic and Epigenetic Profiling of Healthy and IPF Fibroblasts

61



ORIGINAL RESEARCH

overexpressed in differentiated, quiescent
myofibroblasts and induced ECM deposition
through a TGF-beta dependent mechanism
in fibrotic foci in IPF (52).

We also compared our results with other
studies that examined in early disease changes
in lung fibrosis. Herein, we compared our
DEG with the 70 DEGs identified by Meltzer
etal (53), where we uncovered seven genes
(PDLIM4, PTGFRN, ANTXR1, TSHZ2,
FNDCI, COL10A1, TSHZ2) that overlapped
in both studies. Only three genes (POSTN,
THBS2, THY1) overlapped between our
dataset and the studies from McDonough et al
(54) and two (COL3A1 and COL1A1) with
those of Guillotin et al (55). Two enriched
biological terms, cell adhesion and ECM
organization, were also mentioned to be
related to IPF in two studies (54, 55) that
correlated with our results. Contrary to our
initial studies using isolated fibroblasts for
ATAC-Seq or RNA-Seq studies, from upper-

lobe/apical regions of the lung, these
experiments (53-55) were performed using
frozen tissue specimens from explanted lungs
undergoing lung transplantation for IPF
(N=10-11) or from controls (N =6). Thus it
is likely that they represent end-stage/
established fibrosis, and like our validation
experiments, expression changes specific to
fibroblasts may be masked by expression
levels of other cells.

A limitation of our study is that we did
not compare fibrotic and nonfibrotic zones
of the upper lobes. We also did not compare
areas of severe versus diffuse fibrosis in IPF
lungs. Nonetheless, we used primary human
fibroblasts isolated from apical regions of
both healthy control and IPF lungs. In this
region of the lung, the extent of fibrosis is
reduced compared with lower regions of the
lung (Figure E1). Next, we validated our
studies using tissue from the upper portion
of the lung. Although our validation studies

increased the N number of control and IPF
samples, discoveries made from our isolated
fibroblasts may have been masked in our
qPCR validation experiments using the
whole lung, where expression levels of other
cells in addition to fibroblasts are
represented.

Overall, our study shows that fibroblasts
from the upper regions of IPF lungs may
play a pivotal role in unraveling pathways in
active fibrotic lesions. Differential chromatin
access may be an important feature for future
research into novel therapeutic targets
against deleterious functions in IPF
fibroblasts. Additionally, fibroblasts isolated
from human lungs and subsequently
cultured in vitro may provide an alternative
for novel biomarker discovery. H

Author disclosures are available with the
text of this letter at www.atsjournals.org.
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